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Preface 


The purpose of this preface is to give you an overview of the organization and fcatures of this 
Study Guide and Solutions Manual so that you can use it more effectively. 


Organization 


Each chapter corresponds to the chapter of the text with the same number and title. The following 
sections are found within each chapter, each headed by its own icon. 


STUDY GUIDE LINKS 


Study Guide Links are short supplemenis to text material that are called out in the margins of the 
text by the icon depicted above. Study Guide Links provide hints for study, shortcuts, approaches 
to problem-solving. or additional explanations of topics that typically cause difficulty. For 
example. Study Guide Link 5.2. "How to Study Organic Reactions." on p. 108 of this manual. is 
called out at a point in the text (p. 200) at which some students begin to have difficulty learning 
reactions. It provides detailed hints on how to study and learn organic reactions efficiently. 


FURTHER EXPLORATIONS 


Further Explorations are short discussions that provide additional depth on certain topics: these 
are called out in the margins of the text by the icon above. For example. Further Exploration 13.2, 
called out with a margin icon on text p. 666. gives a more in-depth discussion of Fourier- 
Transform NMR. a method used for obtaining NMR spectra. 


|[ REACTION REVIEW 


Reaction Reviews present the reactions in the chapter in detailed outline form. This summary 
consolidates the reactions of the chapter in one place and presents not only the reactions 
themselves but also the essential features of their mechanisms and stereochemistry for cases in 
which these issues are discussed in the text. Studying and learning reactions is a skill that should 
he cultivated, and Study Guide Link 5.2 on page 108 of this manual will help you to use these 
reaction summaries to best advantage. 

The Reaction Review sections are found only in chapters in which specific reactions are 
covered in the text. For example. Chapters 12 and 13. which cover spectroscopy. do not have 
reaction reviews. 


xiii 


xiv PREFACE 


? SOLUTIONS TO PROBLEMS 


Undoubtedly. your instructor will stress the importance of problem solving for the mastery of 
organic chemistry. This text provides over 1600 problems of varying difficulty levels. many with 
multiple parts. The Solutions sections provide solutions to all problems in the text. The solutions 
to many of the problems are worked-out examples in which not only the answer is given. but also 
the detailed approach to the solution is discussed. 

It is important not to rely too heavily on the solutions presented in this manual. You learn 
organic chemistry by solving problems on your own. Many students develop a false sense of 
understanding by trying a problem, giving up too soon, and then reading the detailed solution. The 
solution seems to make sense to them, they feel like they understand the concept. and move on. 
What they've actually done is short-circuited the learning process. and they're simply agreeing 
what the solution says; they haven't developed the capacity to solve problems on their own. 

Herc is a better approach if you get stuck on a problem. First. attempt to solve it by reviewing 
the text or your class notes, or by talking to a classmate, ТА, or your instructor. Be sure to ask for 
guidance only, not the answer. If you're still stuck, glance quickly at the solution in this manual 
without reading for detail. Focus on the references within the solution—pages, equations. sections. 
etc.— where the answer might be found. Jot those down next to your work, and close the manual. 
Refer back to the text and see if you can solve the problem after referring to relevant sources. Il 
may take longer to solve problems this way. but your time will he much better spent if you take 
this approach. 


Solutions Icon Comments 


Within the solutions, you will find two types of comments marked with icons. 
=>] Comments marked with this icon provide additional information or depth about the solution. 


1 Comments marked with this icon provide cautionary warnings — things to be particularly 
careful about or common traps. 
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LP 1.1 


Formal Charge 


After you have a small amount of practice assigning formal charges. you'll begin to 
notice certain patterns that emerge. For example, an oxygen with three single bonds and 
one unshared clectron pair always has a +1 formal charge (shown to the right). 


Some other common patterns are shown below. 


carbon 


nitrogen oxygen 
А ‘ 

—N— —0— 
| | 

iius mS 8 
| 

i —ӧғ 


(Verify these patterns by calculating the formal charge іп each one.) Recognition of these patterns 
can be a great time-saver in applying formal-charge rules. Conversely, when you calculate a 
formal charge. always double-check your calculation if you seem to be violating one of these 


common patterns. 
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CHAPTER 1 - CHEMICAL BONDING AND CHEMICAL STRUCTURE 


LT 12 Vector Addition Review 


Vectors can be added together to produce a new vector, called a resultant. There 
are (wo ways to add two vectors. The first way is to line up the two vectors with 
their tails touching and construct a parallelogram. Form the resultant by 
connecting the vertex of the two vectors to be added to the opposite side of the 
parallelogram, as shown on the right. 


resultant = R 


Alternatively. let the head of one vector touch the tail of the second. and form the 
resultant by connecting the tail of the first to the head of the second to form a 
triangle. as shawn on the right. 


In either case. trigonometry can be used to calculate the magnitude of N 
the resultant as well as its angle (consider the law of cosines). 


^ 
To line up the vectors, you are allowed to move a vector in any X се 
direction paralel to. or along, its path. In other words. you can move a ^ 
vector anywhere so long as its length (magnitude) doesn't change. and N x x Y 
its angle (direction) relative to any arbitrary axis doesn't change. M. Ж 


LT 13 Structure Drawing Conventions 


Don't be confused by typesetting conventions that seem to ignore what you've just learned about 
molecular geometry. For example, you might see methane (СН) written as follows: 


H 
| 
ан 
H 


You now know that methane is tetrahedral. But there is a good reason for using simpler but less 
accurate structures anyway. When geometrically accurate structures are not needed, there is no 
point in going to the additional trouble (and in the case of typesetting. the expense) of using them. 
In other words, we use the simplest structures that accomplish the purpose at hand, and so should 
you! When the shape of a molecule is an important issue, use line-and-wedge formulas or other 
types of structures that convey spatial information. Otherwise, use the simpler structures. 


FURTHER EXPLORATIONS 


1.1 Dipale Moments 


As noted in the text, the mathematical definition of the dipole moment и. is as follows: 
и= г (861.1) 


where q is the magnitude of the separated charge and г is a vector from the site of positive charge 
to the site of negative charge. When џ is a bond dipole. as in Н—СІ, the magnitude of г is simply 
the band length; in the case of H—CI, it is the length of the H—CI bond. In the НСІ molecule the 
dipole moment vector и lies along the H—CI bond. and it points from the H (the site of partial 
positive charge) to the СІ (the site of partial negative charge), as shown in the text. That is, ge and 
r have the same direction. 

The dimensions of the dipole moment, us suggested by Eq. SGI.1 above, correspond to 
charge x length. As the text indicates, the units of the dipole moment are called debyes. A dipale 
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FURTHER EXPLORATIONS + CHAPTER 1 3 


moment of one debye results when opposite charges. each with a magnitude of 1 x 107° 
electrostatic unit (esu). are separated by one Angstrom. That is. 


1 debye = 1 x 10 esu A 


These units were established prior to the current trend toward the use of standard international 
units. To put these units on more familiar ground, the charge on an electron is 4.8 x 107! esu, and 
one Angstrom = 1077? meter = 100 picometers. (In standard international (SI) units, in which the 
unit of length is the meter and the unit of charge is the coulomb (C). 1 D = 3.34 x 10? C т, or 
coulomb meter.) 

An actual calculation of the charge separation in H—C] can provide a more quantitative sense 
of the meaning of the dipole moment. A table of experimentally measured dipole moments gives 
и —1.08 D for ИСІ. A table of bond lengths gives the length of the 1I—Cl bond as 1.274 À; this is 
r in Eq. SGl.l. The only unknown remaining in Eq. SG1.1 is у. Because и and г have the same 
direction. q can be calculated by dividing the magnitude of и by that of r. 


q= ipl + Irl = 1.08 x 107 esu А + 1.274 Å = 0.848 x 107" esu 


As noted above, the charge on an electron is 4.8 = 107" esu, Consequently, the charge separation 
in НСІ in electronic charge units is 


q (in electrons) = (0.848 x 1079 esu) + (4.8 x 107! esu per electron) 
= 0.18 electron 


In other words, the dipole moment of HCl. 1.08 D. means that a partial negative charge of 0.18 
units (“18% of an electron") is on the chlorine of HCI, and a partial positive charge of 0.18 units is 
on the hydrogen. 

Notice that the definition of dipole moment in Eq. SG1.1 contains two elements: the amount 
of charge separated (4) and the distance between the separated charges (г). A smaller amount of 
charge separated by a long bond can result in as significant a dipole moment as a larger amount of 
charge separated by a shorter bond. (See Problem 1.36, text p. 43. in Chapter 1.) 


1.2 Electron Density Distribution in Orbitals 


The orbitals in the text (Figs. 1.7 and 1.8, p. 25, and Figs. 1.10-1.11. p. 26-27) are drawn as 
closed geometrical figures designed to encompass about 90% of the electron density within the 
orbital. These figures do not show the distribution of the density within the orbital. The purpose of 
this Further Exploration is to provide a better idea of this distribution. 

In the text you learned that the wave motion of an electron in an orbital is described by a 
function V called a wavefunction. Tt turns out that the electron density at any point in space of an 
electron in an orbital & is proportional to the square of the wavefunction, Vr. Consequently. by 
plotting the square of the wavefunction as a function of spatial coordinates we can obtain a 
description of the electron density at any point in space. Because we are dealing with a function of 
three spatial dimensions, such a plot would require four dimensions, or at least a contour plot in 
three dimensions. A simpler plot that has all the information we nced is obtained by plotting the 
electron density {7 as a function of the radial distance ғ along any straight line originating at the 
nucleus. Consider, for example, the [s orbital. Because the orbital is a sphere, we would get the 
same plot in any direction. The result for a 15 orbital is the plot in Fig. SG1.la (dark line). From 
this plot you can see that the electron density is greatest at the nucleus and then falls off 
exponenually. There are no nodes— no regions of zero electron density—in this plot. 
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UP is scaled 0.2 x ry? 15 orbital WP is scaled 4 x ^£ 2s orbital 


the maximum probability yf * node is 
at 


is at 0.529 A ILIA 


0 1 2 3 0 2 4 | 6 
distance from the nucleus г (А) distance from the nucleus r (À) 


(а) (b) 


Figure SG1.1 Plots of wavefunctions (y' } and their probability distribution functions {/* Ш“) for (a) a 1s orbital; (b) а 2s orbital. The 
square of the wavefunction (ш?) is scaled so that this quantity can be shown on the same plot. The "sizes" of the orbitals can be 
approximated by the distances at whick (^^ is а maximum. Thus, the 1s orbital has a maximum at 0.529 A; the 2s orbital has a 
maximum around 3 À. 


The plot just described gives the electron density at a point. A different view of electron 
density is obtained if we plot the probability of finding the electron in a spherical shell at some 
distance r from the nucleus. The appropriate function for this probability is ^£. The reason this 
makes sense is that the further away we are from the nucleus, the more surface area there is in a 
spherical shell Another way of thinking about this is to imagine the dimples on two basketballs, 
one large and one small. Assume that the dimples on both are the same size. The large basketball. 
then, has more dimples. Then think of each dimple as one probability unit for finding an electron. 
The larger the sphere (that is, the greater is r), the larger is the probability of finding an electron. 
Since the surface area of a sphere increases as the square of the radius, that is, as r^, then 
multiplying the probability at one point {7 by r° gives the probability of finding the electron in a 
spherical shell of radius r. The gray curve in Fig. $С1.1а is a plot of this probability. Notice that 
this product has a maximum at 0.529 А. This is called the Bohr radius. It is exactly the same as 
the radial dimension of the electron orbit calculated in an earlier, planetary model of the atom. 
This model said that the electron was in a fixed orbit with a radius of 0.529 À; the quantum model 
says that the maximum likelihood of finding an electron is on a spherical shell 0.529 A from the 
nucleus; but there is a finite probability at any distance from the nucleus. 

A similar plot of clectron density for the 2s orbital is given in Fig. SGI.1b. In the plot of J£ 
you can clearly see the node—the region of zero electron density—at 1.1 À. There is a small 
maximum in the spherical-shell electron probability at the Bohr radius, but the largest maximum is 
in the "outer ball" of electron density is at about 3 À. If you contrast the value of r at which this 
maximum occurs with that for the 15 orbital you can get a very graphic sense of the different sizes 
of the two orbitals. 

Plots of electron density for the 2p and 3p orbitals are given іп Fig. SG1.2a and Fig. SG1.2b, 
respectively. These plots can be imagined to be taken on a line running through the nucleus and 
along the axis of the orbital. Both positive and negative values of r are shown to stress the lobe 
character of the orbitals. Both orbitals have planar nodes at the nucleus that separate the orbital 
into two lobes. The 3p orbital has, in addition, a spherical node separates the inner and outer 
regions of each lobe. This node is shown in Fig. SG1.2b as two dashed lines. which represent the 
+r and -r values, i.e., the radius, of the spherical node. The maximum in the spherical-shell 
electron probability ur for the 2p orbital (grey line, Fig. SG1.2a) is at about 4 Bohr radii (2.1 A), 
whereas the largest maximum in the 3p orbital occurs at about 12 Bohr radii (6.3 A). Again, notice 
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the larger size of the orbital with the larger quantum number. 
These orbital pictures are derived from the hydrogen atom. Orbitals of atoms with higher 
atomic number have basically the same shape and nodal characteristics. but their sizes differ. 


distance from the nucleus r (À) 


(a) 


-10 -5 0 5 10 
distance from the nucleus r (А) 


(b) 


Figure 561.2 Plots of wavefunctions (ш?) and their probability distribution functions (r^w^) for (a) a 2p 
orbital; (b) a 3p orbita 
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9 SOLUTIONS ТО PROBLEMS 


Solutions to In-Text Problems 


(a) Because sodium (Na) is in Group ТА. it has one valence electron. 
(b) Тһе neutral calcium atom has a number of valence electrons equal to its group number, that is, 2. 
(c) Oxygen has 6 valence electrons: hence. O* has 8. 
(d) | Neutral Вг, being in Group 7A. has 7 valence electrons: therefore, Br* has 6. 
(a) _ Because neon has 10 electrons, the negative ion requested in the problem also has 10. The singly charged 
negative топ with ten electrons is F^. 
(b) Тһе positive ion isoelectronic with neon must have 10 electrons and 11 protons, and therefore must have 
an atomic number = 11. This is the sodium ion, Na*. 
(c) The atomic number of Ar is 18; so. the dipositive ion with the same number of clectrons must have 20 
protons and atomic number = 20. This is the Ca” ion. 
(d) Because Ne has atomic number = 10 and Е has atomic number = 9, the neon species that has 9 electrons 
is Ne*. 
(a) (b) (c) (d) 
:б: 
3 f 
H—ÇC— Q: = -, 
к. кын ii and H—O*-H 
G]; | 
б H H H 
chloroform 
(trichloromethanc) ammonia ammonium ion hydronium ion 


One structure is that of ethanol. and the other is that of dimethyl ether. 


H H н H 


H—C—C—0—H H—6—8—6—H 


leo | 


H H H H 


ethanol dimethyl ether 


—— [n all but the simplest cases there are many structures that have the same atomic composition. 
>| Compounds that have the same atomic composition, but different atomic connectivities, arc 


called constitutional isomers. Thus. dimethyl ether and ethanol are constitutional isomers. For 
molecules of moderate size hundreds or even thousands of constitutional isomers are possible. 
You'll learn about isomers in Chapter 2. 


(a) The overall charge is 0. 
H H 

H—B-—N—H 
dn 

(b)  Theoverall charge is 2. 
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:07 
19— P -D—H 
:9: 


The C—H bonds аге the least polar, because carbon and hydrogen differ very little in electronegativity. The 
carbon that has the most partial positive character is the one indicated by the asterisk (*). because it is bound to 
two very electronegative atoms, О and Cl. 


|| 
ка шо 
С 


(a) | Formal charge does not give an accurate picture, because № is more electronegative than Н: most of the 
positive charge is actually on the hydrogens. 

(b) Formal charge does give an accurate picture, because N is more electronegative than H: most ol the 
negative charge is on the nitrogen. 

(c) Апапаіуѕіѕ of relative clectronegativities would suggest that, because C is slightly more electronegative 
than Н, a significant amount of the positive charge resides on the hydrogens. However, carbon does not 
have its full complement of valence electrons—that is, it is short of the octet by 2 electrons. In fact, both 
C and H share the positive charge about equally. 


In addition to the structure shown on text p. 17, five other line-and-wedge depictions of dichloromethane exist. 
All are depictions of the same compound: think of them as the molecule tumbling in space, or as the view of the 
molecule from different perspectives. 


a Cl el 
| | | 


DA ОШ 
H / a а / H к, Cl 
Cl с Н 


(а) The tetrafluoroborate anion is tetrahedral—that is, it has Е— В —Е bond angles of 109.5°. 

(b) Water has bent geometry; that is, the H—O—H bond angle is approximately tetrahedral. Repulsion 
between the lone pairs and the bonds reduces this bond angle somewhat. (The actual bond angle is 
104.5?.) 

(c) Тһе formaldehyde molecule has trigonal planar geometry. Thus, both the H—C—H bond angle and the 
H—C=0 bond angle are about 120°. 

(d) In acetonitrile, each of the H—C—H bond angles, as well as the H—C—C bond angle, is tetrahedral 
(about 109.5? ). The C—C=N bond angle is linear (180°). 


Bond angles: aa, ab, bc, bd, cd, de, df, and ef are all about 120°, because all are centered on atoms with trigonal 
planar geometry; fg is predicted to have the tetrahedral value of 109.5. The bond lengths increase in the order 


a*g«ecb«df«c 


(In Chapter 4, you'll learn that C—H bonds attached to carbons of double bonds are shorter than C—H bonds 
attached to carbons of single bonds. For this reason, a « g.) 
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1.11 A molecule contains dihedral angles only if it contains at least four atoms connected consecutively. Compound 
A fits this requirement (H, C, N. and H atoms bonded consecutively). and thus has dihedral angles. Imagine two 
planes, one containing a C—11 bond and another containing a N—H bond. The dihedral angle is the angle 
between the two planes. The model with dihedral angle = 0° is as follows: 


angle between the planes = 


the dihedral angle = 0° 
The model with dihedral angle = 60? is as follows. 
angle between the planes = 
the dihedral angle = 60° H 
none dihedral angle = 60° 
Q) front carbon —„ | H ixi: 
à 1 A ES Le 


e PEN "28 Es i 


bond to (mostly 
hidden) nitrogen 


The model with dihedral angle = 180° is identical to the one with dihedral angle = 60°. 


angle between the planes = 
the dihedral angle = 180° 


xy ---—— | c dihedral angle = 180° 


T- 


The most consecutive bonds present in ion В is three (F—P—F). so a dihedral angle is not possible. The 
structure of PF, can be described completely by knowing bond lengths and bond angles. Similarly, ion C 
contains only three consecutive atoms (H—O—O) so a dihedral angle is not present. 


1.12 The resonance structures of benzene: 


C C С 
HC? “CH нс“ SCH нс сн 
| | ; ' 
HC. CH HC "c H HC... CH 
H H H 
resonance structures of benzene hybrid structure of benzenc 


Each bond is a single bond in опе structure and a double bond in the other. On average, each bond has a bond 
order of 1.5. 


1.13 (a) Structures of the allyl anion: 
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[нс==сн—ёЁн, =—» H,0—CH=CH, | 
resonance structures of the allyl anion 


Although the structure is shown in a lincar representation, the central carbon is trigonal planar. and the 
carbon skeleton is Белі. as application of the VSEPR rules will show. 


(b) Each CH: carbon contains 0.5 of a negative charge. 
(c) А hybrid structure: 
^ ^ 
hybrid structure of the ally! anion 


Fig. SG1.3 shows a plot of y = sin nx for the different values of n. Evidently, the number of nodes in this 
domain is one less than the "quantum number" n: that is. nodes =n — 1. 


Orbitals are described by mathematical functions of three dimensions, whereas у = sin nx is a 
function of onc dimension. However. the quantum numbers of orbitals have the same effect as л 
in this simple equation: they control the number of nodes. 


(a) А 3s orbital is three concentric spheres of electron density, each separated by a node, as shown in the 
“cutaway” diagram in Fig. SG1.4a. 


(b  Ad4sorbital is four concentric spheres of electron density, each separated by a node, as shown in 
“cutaway” diagram (b) in Fig. 561.4. 


Figure SG1.3 A plot of the function y = sin nx for n = 1, 2, and 3 far the solution to Problem 1.14. The 
nodes are given by a gray filled circle (for ys = sin 2x) and black filled circles (for gs = sin 3x). 
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wave trough 


wave 
aks 
"S nodes 


cross-section of a 3s orbital 


Figure SG1.4a Cross section of a 3s orbital In the solution to Problem 1.15a. 


wave 
peaks 
wave 
troughs 
nodes 


cross-section of a 4s orbital 


Figure SG1.4b Cross section of a 4s orbital in the solution to Problem 1.15b. 


(a) Тһе oxygen atom (atomic number = 8. therefore 8 electrons): (15) (25) 2p.) (2p,) (2p.)!. Two of the 2p 
electrons are unpaired: each of these is in a different 2p orbital. The valence orbitals are the 2s and 2p 
orbitals. and the valence electrons are the six electrons that occupy these orbitals. 

(b) Тһе chloride ion, СЇ (atomic number = 17 and one negative charge, therefore 18 electrons): This ion has 
the same electronic configuration as argon: (1s) 2s) QpY (3s) (ap). The valence orbitals are the 3s and 
3p orbitals, and the valence electrons are the eight electrons that occupy these orbitals. 

(c) Тһе potassium ion. К“, has the same configuration as Аг, and therefore the same configuration as CI: 
(15) 2s) Qp)* Gs)'(3p)*. The valence orbitals are the 3s and 3p orbitals, and the valence electrons are the 
eight electrons that occupy these orbitals. 

(d) Тһе sodium atom (atomic number = 11) has 11 electrons. Therefore its electronic configuration is 
(15) 23) QpY*(35)!. The valence orbital is the 3s orbital. and the valence electron is the one electron that 
occupies this orbital. 


The pictures and energy levels of the molecular orbitals for parts (a), (b), (c). and (d) are essentially the same as 
they are for the dihydrogen molecular orbitals in Fig. 1.14 of the text. 


(a) The He:* ion contains three electrons. This can he conceived as the combination of a He* ion with a He 
atom. By the aufbau principle. two electrons occupy the bonding molecular orbital, and one occupies the 
antibonding molecular orbital. This is shown in the electron-occupancy diagram (a) of Fig. SGI.S. 
Because the bonding molecular orbital contains a greater number of electrons than the antibonding 
molecular orbital, this species is stable. 


(b) The H; ion contains three electrons. This can be conceived as the combination of a hydrogen atom with 
a hydride ion (H ). By the aufbau principle, two occupy the bonding molecular orbital. and one occupies 
the antibonding molecular orbital. This is shown in the electron-occupancy diagram (b) of Fig. SGI.5. 
Because the bonding molecular orbital contains a greater number of electrons than the antibonding 
molecular orbital, this species is stable. Notice that in terms of electron occupancy, Н; and Нез? аге 
identical. 


(c) The н,” ion can be conceived to result from the combination of two hydride ions (H ). This species 
contains four electrons; two occupy the bonding molecular orbital, and two occupy the antibonding 
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P 
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Figure 561.5 Electron-occupancy diagrams for the solutions to Problerns 1.17a-d. The electrons are 
represented by arrows. 


molecular orbital. This is shown in the clectron-occupancy diagram (c) of Fig. SGI.5. In this species, the 
energetic advantage of the electrons in the bonding molecular orbital is cancelled by the energetic 
disadvantage of the same number of electrons in the antibonding molecular orbital. This species 
consequently has no energetic advantage over two dissociated hydride (H`) ions, and therefore it readily 
dissociates. 


(d) The H;* ion is conceptually derived from the combination of a hydrogen atom with a proton. It contains 
one clectron in a bonding molecular orbital. This is shown in the electron-occupancy diagram (d) of 
Figure SGI.5. Because the bonding molecular orbital contains a greater number of electrons than the 
antibonding molecular orbital. this species is stable. 


Because the H;* ion has onc electron in a bonding molecular orbital, it should have about half the stability of H; 
itself relative to dissociated fragments. Thus, 217 kJ mol! (52 kcal mol !) is an estimate of the bond 
dissociation energy of this species. 


Referring to Figure SGI.5d. the Н,“ ion has 1 electron in the bonding MO and no electrons in the antibonding 
MO. Using Equation 1.8 in the text, the H,* ion has a bond order of (1 — 0)/2 = 1⁄2. This number corresponds 
with the answer to Problem 1.18. which states that the H5* bond should be half as strong as the H5 bond. 


(a Ithe oxygen of water is sp^-hybridized, then two of the sp hybrid orbitals contain unshared electron 
pairs. The other two sp? hybrid orbitals contain one electron each; each of these overlaps with the 15 
orbital of a hydrogen atom (which contains one electron) to give the two 5р?-15 о bonds (the O—H 
bonds) of water. 
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(b) Because unshared electron pairs prefer s orbitals. the orbitals containing the unshared pairs have more 2s 
character. and thercfore the orbitals used to form the bonds have more 2p character. By the reasoning 
discussed in the text for ammonia. bonds involving orbitals with more 2p character are separated by 
smaller bond angles. Alternatively, VSEPR theory says that electron pairs have a larger spatial 
requirement. Either way, the 11 —O —1 angle in water is less than 109.5*. (In fact, it is 104.5°.) 


Solutions to Additional Problems 


(a) Compound (3). sodium astatide, would be most likely to exist as an ionic species, because Na and At 
come from opposite sides of the periodic table. 

(b) | Compound (2). cesium fluoride. would be most likely to exist as an ionic species. because Cs and F come 
from opposite corners of the periodic table. 


The formal charge on all the hydrogens is 0. For the other atoms: 


(a) Carbon has a sextet and a formal charge of +1. 

(b) Nitrogen has a complete octet and a formal charge of 0. 
(c) | Carbon has a complete octet and a formal charge of - I. 
(d) Boron has a sextet and a formal charge of 0. 

(e) lodine has a sextet and a formal charge of +1. 

(f) Boron has an octet and a formal charge of - 1. 


(a) (bi (c) 
: H, | 
А E с=с CU EN 
ы e H H 
H H ketene acetonitrile 


The lengths of the C—C bonds in isobutane have no significance: two are longer merely to accommodate the 
rest of the structure. Remember that these Lewis structures show only connectivity—not geometry. 


H 
H H B HB H wm H 
н—6—6—б—б—н  н—б——б——б—н 
ЖЕЛ: how ой 
һшапе “isobutane” 
(a) (b) (c) 
:0: Qr 
35-48 AX. z 
Фф: H3C Mi 9^ När 
perchlorate trimethylamine oxide ozone 


overall charge: -1 overall charge = 0 overall charge © 0 
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(d) (e) (f) 
H 
/ 
H^ ^H H @—б 
methylene ethyl radical hypochlarite 
averall charge = 0 overall charge = 0 overall charge = -A 


(a) Chlorine atom (atomic number = 17; therefore 17 electrons): (15) 235) (2p)5(35) Gp, Gp Y Gp.)' 

(b) Silicon atom (atomic number = 14; therefore 14 electrons): (15) 23)! Gp) (3s) p)! Gp)! or 
UOM EB Bpr. The valence electrons in silicon are the two 3s and the two 3p electrons. and 
the valence orbitals are the 3s and the three 3p orbitals. 

(c) Argon atom (atomic number 18; therefore 18 electrons. This has the same configuration as chloride 
ion—that is. (15) (25) (2p) (3s) (3p)^ 

(d) Magnesium atom (atomic number = 12; therefore 12 electrons): (15) (23) 2p)(33)? 


The 24 orbital is not permitted. The reason: d means that the / quantum number = 2; the value of the / quantum 
number cannot exceed one less than the valuc of the principal quantum number п, which in this case is 2. Thus, 
{cannot exceed 1 in principal quantum level 2. 


(a) The carbon is bound to three "groups." the two Hs and an electron pair. Hence. this carbon is trigonal 
planar (if you count the electron pair) and the molecule is "bent" with an H—C—H angle of about 120° 
(or perhaps somewhat less because of the VSEPR rule that unshared pairs reduce bond angles). 

(b) The beryllium (Bc) bears two groups. and therefore has lincar geometry. The H—Be—H bond angle is 
180°. 

(c) Тһе carbon is bound to three groups; hence. this ion is trigonal planar, and the H—C—H bond angles are 
120*. 

(d) Тһе silicon is bound to four chlorines. and is therefore tetrahedral. The CI—Si—CI bond angle is 109.5°. 

(e) The central oxygen of ozone is bound to three "groups." two oxygens and an electron pair. Hence, this 
oxygen is trigonal planar (if you count the electron pair), and ozone is "bent" with an O—O—O bond 
angle somewhat less than 120°. (In fact, it is 117°.) 

(f) Тһе terminal carbons are bound to three groups, and are therefore trigonal planar. The central carbon is 
bound to two groups. and is therefore linear. Hence. the H—C—H and Н—С==С bond angles are 120^; 
the ССС bond angle is 180°. 

(g) The nitrogen is trigonal planar; the O—N-—O bond angle is 120°, as are both of the C—N—O bond 
angles. The carbon is bound to four groups, and is tetrahedral: all bond angles centered on carbon are 
about 109.5°. 


Bond angles: bc, bd, са, de, dh, and eh are all about 120^, because all are centered on atoms with trigonal planar 
geometry; ab, eg, ef, and fg have the approximately tetrahedral value of 109.5. The bond lengths increase in the 
order 


c«a«d«bf«h«ec«g 


Notice that the rules on text pp. 14—15 are in order of importance. Thus, the row of the periodic table is 
paramount in determining bond length. Thus. bond 5 is between two period-2 elements (C and C), whereas 
bond f is between a period-! and a period-3 element. The “average period" for both is 2. In fact, the two bonds 
have about the same length. 


(a) Тһе oxygen of the hydronium ion has approximately tetrahedral geometry and is therefore sp"-hybrid- 


ized. Two of the sp” hybrid orbitals contain an unshared electron pair. One of these becomes the lone pair 
in H4O*; the other overlaps with a proton (H+) to give one of the O—H bonds. The other two sp! hybrid 
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(b) 


1.31 (a) 


(b) 


(c) 


orbitals contain one electron each: each of these overlaps with the 1s orbital of a hydrogen atom (which 
contains one electron! to give the three sp^- 1s o bonds (the O—H bonds) of H4O*. 

The H—O—H bond angles in H,O* should be somewhat larger than those in water. because there is one 
less lone pair and a smaller associated repulsion. 


The allyl cation is a hybrid of the two structures. Because the structures are equally important, each 
structure contributes equally to the structure of the hybrid. Because each carbon-carbon bond is a single 
bond (bond order = 11 іп one resonance structure and а double bond (bond order = 2) in the other. the 
average bond order is (1 + 2)/2 = 1.5. In other words, each carbon-carbon bond is equivalent to a single 
bond plus "half" of a double bond. 

By analogous reasoning. each of the terminal carbons bears +1 charge in one structure and 0 charge in 
the other. Hence. the charge on cach carbon of the ion is thc uverage of these two. or (+1 + 0)/2 = 40.5. 
The charge on the central carbon is zero in all resonance structures and therefore zero overall. 

The resonance structure on the right violates the octet rule for nitrogen. 


an octet. This point will be considered further in Chapter 3. 


7 Notice from this example that a positive charge does not necessarily mean that an atom lacks 


1:32 We usc reasoning analogous to that used in the previous problem. This ion is a hybrid of three equally important 
structures. Hence, each property will be the sum of that property in each structure divided by 3. 


(a) 
(b) 


1.33 (a) 


(b) 


Negative charge on each oxygen: (-1 + 0 + -10)/3 = -2/3. 
Bond order of each carbon-oxygen bond: (1 2 + 1y3 = 4/3 or 1.33. 


Figure 1.8 on text p. 25 shows that a 2s orbital has a single spherical node: and Figure 1.10 on text p. 26 
shows that the 2p orhital has one planar node. Figure 1.11 shows that the 3p orbital has two nodes—one 
planar node and one spherical node. In hoth cases, the total number of nodes is ane less than the principal 
quantum number. In the 2s orbital. the value of / is 0, and the number of planar nodes is zero. In the 2p 
and 3p orbitals, the value of / is 1, and each orbital has one planar node. 

The total number of nodes is n - 1. or 4. The value of (О, which implies an s orbital) gives the number 
of planar nodes, which 15 О. Hence, the Ss orbital has four spherical nodes. By analogous reasoning, а 3d 
orbital has two nodes. both of which are planar; hence, it has no spherical nodes. (Notice this property of 
the 3d orbital in the solution to the following problem.) 


1.34 There are two planar nodes: one is the х= plane, and the other is the y-z plane. where the z axis is perpendicular 
to the page. 


the y-z plane is a node 


74 
wave peak  ' wave trough 


the x-z plane is a node 


wave trough wave peak 


1.35 A 4p orbital is somewhat like a 3p orbital (Fig. 1.11 on text p. 27), except that it has one additional spherical 
node and one additional “mushroom cap" region of electron density. A cross section—that is, a planar slice 
along the axis of the orbital— is shown in Fig. SGI.6. 
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planar node spherical nodes 


Se eee a 


wave peak wave trough 


Figure SG1.6 Across section of a 4p orbital showing the nodes ta accompany the solution to Problem 1.35. 
The actual shape of the orbital is the volume of revolution about the x-axis—that is, the volume “swept out" 
when the figure is rotated around the x-axis. 


According to Eq. 1.4 (p. 11) in the text. the dipole moment is determined by two factors. The first is the 
separated charge. which should be greater for the compound containing the more electronegative atom, that is, 
for H,C—F. However. the second factor is the bond length r. which is greater for the compound conta:ning the 
larger atom, that is, for H4C—C!. Evidently, these two opposing factors just about compensate in their effects 
on the dipole moments of the two compounds. 


(a) The bond dipole for dimethylmagnesium should indicate that C is at the negative end of uic C—Mg 

bond. because carbon is more electronegative than magnesium. 
++ + 
НС ж Mg — СН, 

(b = The two CH, groups should he 180? from cach other. VSEPR theory states that bonds should be oriented 
as far apart as possible. 

(c) The two vectors indicating the bond dipoles of the C—Mg bonds are pointing in equal and opposite 
directions. cancelling each other. for an overall dipole moment of 0 for dimethylmagnesium. 


No matter how any CH; group is turned. the resultant bond dipole is the same: 


identical resultants 


planar staggered 


Hence, ethylenes with the two different dihedral angles should both have zero dipole moment because the 
resultants of the two CH; groups cancel each other in either arrangement. The observation of zero dipole 
moment does not permit a choice between these two dihedral angles. Note: Actually, ethylene is "locked" in the 
planar orientation under normal conditions, as will be discussed in Chapter 4. 
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(a) _ Because the carbon has trigonal-planar geometry. the Н—С==О bond angle is 120°. 
(b) — The two structures are as follows: 


pu^ uno 
0-G—0/ G—OFG m 
dihedral angle = 0° 
0—C—0/C—0—C 
dihedral angle = 180° 


A linear water molecule would have zero dipole moment. because the O—H bond dipoles would be oriented in 
opposite directions and would cancel. Hence. the nonzero dipole moment for water shows that it is a bent 
molecule. Out with Professor Szents! 


To solve this problem, we first have to know the geometry of CCla. This should be easy: it's tetrahedral, 
because the carbon is bonded to four identical groups. Now, as suggested in the hint, let's do a vector addition 
for the bond dipoles of each CI—C-—C! pair. (Use a dipole arrow of arbitrary length as long as it is the same for 
both. We'll use an arrow with the length of the C—CI bonds.) Here's the result of the vector addition, which 
we've done graphically, for the first pair. Notice that. because the C—CI bonds are identical, the resultant must 
bisect the angle between the two bonds. 


resultant of 
Сі-- ~, Vector addition 


^ di 
Qe Cl 
Ci 


Now let's do the resultant for the second pair. Because the C—CI bonds are identical to those of the first pair, it 
follows that the resultant is the same length. and it again bisects the CI—C—CI bond angle. (We've rotated the 

molecule about an axis along the dipole so wc are viewing the other two chlorines from the perspective we used 
to view the first two—in the planc of the page.) 


СІ 
ГА 
а. c = 
resultant of Ф | 
vector addition “СІ 


The two resultants we have just obtained are oriented at an angle of 180°: that is, they are pointed in opposite 
directions. Since they are identical in magnitude, they cancel. Hence the dipole moment of CCI, is zero. 
е 


хх resultant dipole = 0 
к 


(а) When the O—H bonds lie at a dihedral angle of 180° their bond dipoles cancel; consequently. а 
hydrogen peroxide molecule in this conformation would have a dipole moment of zero. This 
conformation is ruled out by the observation of a significant dipole moment. 


H 
o-d 


/ 
H 
the O—11 bond dipoles cancel 


(b) Тһе following construction for the O—O—H angle is useful for solving this problem: 
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y component of op Ki X 

"t Moa” 1.520 
0—9 

x component of pion 


The x components of the two O—H bond dipoles point in opposite directions regardless of the bond 
angle or the dihedral angle. Hence. the x components cancel. Therefore, we can deal with the y com- 
ponent of the O—H bond dipole exclusively. First, we have to calculate the y component. This is just 
1.52 cos (6.5?) = 1.52 (0.9935) = 1.51 D. 

Note that 96.5? is not the dihedral angle, but the bond angle. The idea is to calculate the dihedral 
angle. From the analysis in the previous paragraph, we know that the resultant dipole moment of the 
molecule (given as 2.13 D) is derived from vector addition of the y components of the two O—H bond 
dipoles, which we now know аге 1.51 D. АП we have to do is determine the angle ё that will give 2.13 D 
as the resultant from vector addition of two 1.51 D dipoles. 


angle = 180* — 6 


в) 
1.510 2130 


The proper construction is the arrangement on the left: because ме can move a vector at will so long as 
its magnitude and direction remain unchanged. we derive the construction on the right. The resultant, 
2.13D. is the vector that completes a head-to-tail connection of the two bond dipoles. From the law of 
cosines, this vector is 


(2.13 D = (1.51 D) + (1.51 Dy = 2(1.51 DY(1.51 D) cos (180? — 6) 
or 
4.54 D° = 228 D? + 228 D — (4.56 D^) cos (180° — 8) 
from which we havc 


-0.02 D* 


> = cos (180° — 8) = 0.00439 
—4.56 D- 


Using the “arccos” function on а calculator, we find that 180° — 0 = 89.8°. Thus, the desired dihedral 
angle is 180° — 89.8° = 90.2°. Therefore. it appears that the dihedral angle in hydrogen peroxide is about 
90°. (The actual structure of hydrogen peroxide determined by electron diffraction shows a dihedral 
angle of 93.8°!) Thus. the conformation of hydrogen peroxide is best represented as follows: 


dihedral angle = 90° 


1.43 This problem requires a construction similar to the one used in Problem 1.42 in which the resultant is known 
and the individual O—H bond dipoles are unknown. 


angle = 180° ~ 4 
1.84 D 
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Applying the law of cosines, with x as the O—H bond dipoles, 
1.842 2 д> 4 x*-2x? (cos (180° — 8) 


3.39 = 2x7 (1 – cos 75.5?) = 2 (1 - 0.25) = 1.50 x? 


х= um 1.50 D 
1.50 


This is the calculated value of the O—H bond dipole, which is very similar to the value assumed in Problem 
1.42. 


Dilithium. Li. is derived from the combination of two lithium atoms. It contains two bonding electrons derived 
from two 2s valence electrons, one from each lithium atom. Each Li atom also has two Is electrons, but these 
are not valence electrons and therefore are not involved ín bond formation and are not shown in the interaction 
diagram (Fig. SG1.7). The interaction of the two 2s orbitals gives a bonding and an antibonding MO. The nodes 
present in the individual 2s orbitals are retained in the MOs. This is a stable species because the bonding 
molecular orbital contains a greater number of electrons than the antibonding molecular orbital. 


ANTIBONDING MO 


-+ 2s orbital 


- 
tz 
с 
— 
7. 
— 


——— 


BONDING MO 


Figure $G1.7 Electron-occupancy diagram for the solution to Problem 1.44. 
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ANTIBONDING MO 


nodal plane nodal plane 


+ OK 


> 
S 
x 
Z. 


2p orbital 2p orbital 


-—— 


BONDING MO 


Figure SG1.8 An orbital interaction diagram for the head-to-head interaction of two 2p orbitals to 
accompany Problem 1.45. The small spheres are nuclei, and the vertical gray lines are nodal planes viewed 
end-on. 


(a) 


(b) 


(c) 
(d) 


(a) 


(b) 


(c) 


The bonding molecular orbital is derived by the constructive overlap of wave peaks. The antibonding 
molecular orbital is derived by changing the peak to a trough and the trough to a peak in one of the two 
2p orbitals. The destructive overlap of a peak with a trough gives a node. The resulting molecular orbitals 
are shown in Fig. SG1.8. 

The nodes are shown in Fig. SG1.8. Both of the MOs retain the nodes of the original 2p orbitals. The 
antibonding MO has an additional node that results from the destructive overlap of a peak and a trough. 
Figure 561.8 is the required interaction diagram. 

The resulting bond is a с bond because it is cylindrically symmetrical about the orbital axis. 


The bonding molecular orbital is derived by the constructive "side-to-side" overlap of peaks with peaks 
and troughs with troughs. The antibonding molecular orbital is derived by changing the peak to a trough 
and the trough to a peak in one of the two 2p orbitals. Destructive overlap of troughs with peaks and 
peaks with troughs gives an additional node in the antibonding orbital. These molecular orbitals are 
shawn in Fig. 861.9. 

The nodes are also shown in Fig. 561.9, Both of the MOs have the nodes of the original 2p orbitals. 
which merge into a single nade because the nodal plane is common to both orbitals. The antibonding MO 
has in addition a nade between the original orbitals that results from the destructive overlap of a peak and 
a trough. 

Fig. SG1.9 is the required interaction diagram. 

The resulting bond is not a о bond because it is not cylindrically symmetrical about the internuclear axis. 


This type of bond. called a pi (7) bond. is important in the carhon-carbon double bond. Pi 


=> bonds are discussed in Chapter 4. 
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ANTIBONDING MO 


nodal plane 


> 
2 
x 
— 


BONDING MO 


Figure SG1.9 An orbita! interaction diagram for the side-to-side interaction of two 2p orbitals to accompany 
Problem 1.46. The small spheres are nuclei, and the gray lines are nodal planes viewed end-on. 


(a) 
(b) 
(c) 


(d) 


(e) 


(f) 


(g) 


Similar to Problem 1.44 (Fig. SG1.7), bringing two 2s orbitals together results in two new MOs, one 
bonding (250) and one antibonding (2s0*), as shown in Figure SG1.10a. 

Similar to Problem 1.45, (Fig. SG1.8). bringing the two 2p, orbitals together results in two new MOs, 
one bonding (2po) and one antibonding (2po*), as shown in Figure SGI.10b. 

Similar to Problem 1.46, (Fig. SG1.9), bringing the two 2p, orbitals together results in two new MOs, 
one bonding (2рл,) and one antibonding (2pz,*), as shown in Figure SG1.10c. 

Bringing the two 2p. orbitals together results in two new MOs. one bonding (2рл.) and one antibonding 
(2px.*), as shown in Figure SG1. 10d. These orbitals are identical to those obtained from overlapping the 
2p, orbitals as shown in part (c), except that they are oriented on the z-axis, rotated 90° from the y-axis. 
The atomic orbitals of oxygen are combined according to parts (a-d) of this problem and are ordered in 
increasing energy as shown in Figure SGt.10e. Each oxygen atom has six valence electrons. two in the 
2s orbital, and four in the three 2p orbitals. These electrons are placed in molecular orbitals according to 
Hund's rules. 

The oxygen molecule has a net (or, nonzero) spin, and is magnetic. An unpaired electron generates a 
magnetic field due to its spin. The two unpaired electrons in the 2pz,* and 2pz.* orbitals do not have 
electrons of opposing spin to cancel them out, so the oxygen molecule is "paramagnetic" and liquid 
oxygen can be trapped between poles of a magnet. 

We eliminate structure A because it does not have unpaired electrons. We also eliminate structure D 
because it has more than 12 total electrons. According to Eq. 1.8 (text p. 35), oxygen has a bond order of 
(8 - 4)/2 = 2. However. none of the remaining structures contains a double bond. Yet we can use an 
"average structure", or resonance hybrid, of the molecule containing the single bond and the one 
containing a triple bond. This average would have a bond order = 2. 
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NJ 
You may notice that the second structure above violates the octet rule. But. as you perhaps learned when 
you worked Problems 1.17a and b. MO theory takes us beyond conventional Lewis structures and allows 
this violation provided that there is net bonding. However. there is an energetic cost: the bond energy of 
О. is about the same as that of a conventional single bond, but the bond length is about that of a 
conventional triple bond. This dichotomy requires the use of resonance structures if we insist on 
describing O» with Lewis structures! 


ANTIBONDING MO 
node 


2so* 
nucleus 


25 orbital 2s orbital 


Figure SG1.10a An orbital interaction diagram for the interaction of two 2s orbitals for the solution to 
Problem 1.47а. 
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2ро' 
nodal plane nodal plane 


o өг 


2p, orbital 2p, orbital 


2ра 


BONDING MO 


Figure SG1.10b An orbital interaction diagram for the head-to-head interaction of two 2p, orbitals for the 
solution to Problem 1.476. The small spheres ate nuclei, and the vertical gray lines аге nodal planes viewed 
end-on. 


ANTIBONDING MO 


nodal plane 


BONDING MO 


Figure SG1.10c An orbital interaction diagram for the side-to-side interaction of two 2p, orbitals for the 
solution to Problem 1 47c. The small spheres are nuclei, and the gray lines аге nodal planes viewed end-on, 
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ANTIBONDING MO 


( 


nodal plane = 2px, 
plane of the page, 
in between gray 
and white lobe #7 ` ә Mí 
n orbital 
pa, 
BONDING MO 


Figure SG1.10d An orbital interaction diagram for the side-to-side interaction af two 2p: orbitals for the 
solution to Problem 1.47d. The small spheres are nuclei, and nodal planes are the plane of the page for all 
orbitals, with an additional plane perpendicular to the раде (In the y/z plane) for the 2pn.* orbital 


ENERGY 


Figure SG1.10e Electron-occupancy diagram for the solution to Problem 1 47e 
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When a hydrogen molecule absorbs light. an electron jumps from a bonding molecular orbital inta an 
antibonding molecular orbital: 


———À —— antibonding MO 


light 


=+ -—- bonding MO 


After light absorption, the hydrogen molecule has no excess of bonding electrons. and there is no energetic 
advantage to bonding. Hence. the molecule can readily dissociate into hydrogen atoms. 


(a) 
(b) 
(c) 


(d) 


Because there are three values of spin, each orbital can hold three electrons. 

The configuration of the atom with atomic number = 8: (15)3(25)3(2р)2. 

The second noble gas has а filled 2p orbital: but there are only two 2p orbitals (ni; = 0. +1); so the 2p 
level holds six electrons (three in each of the 2p orbitals). With filled 1s, 2s, and 2p levels. the second 
noble gas has (3 + 3 + 6) = 12 electrons; hence, its atomic number is 12. 

Because a filled shell contains nine electrons (three electrons each in one s and two p orbitals). the 
corresponding rule might be called a "nonet rule." 


Alkanes 


STUDY GUIDE LINKS 


| T 2.1 Nomenclature of Simple Branched Compounds 


The IUPAC recognizes as valid the following older names for branched alkane isomers of four. 
five. and six carbon atoms because of their common historical usage. 


ics нс 
CH—CH, ог (CH;);CH раи ог (CH3;CHCH;CH; 
HC нс 
Isobutane isopentane 
HC 
CH—CH,CH;CH, or (CHj;CHCH;CH;CH; 
H,C 
isohexane 
CH, CH, 
| | 
HC —C—CH, or (CH3),C HC —C— CH;CH, or (CH3,CCH;CH4 
| 
CH, CH; 
ncopentanc ncohexane 


The distinguishing structural feature of an alkane named with the "iso" prefix is a pattern of two 
methyl branches at the end of a carbon chain. The distinguishing structural feature of an alkane 
with a "neo" prefix is a pattern of three methyl branches at the end of a carbon chain. 

Table 2.2 on text p. 62 shows that the names of the common branched alkyl groups are 
derived from the names shown above for the corresponding alkanes. 
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FURTHER EXPLORATIONS 


2.1 Atomic Radii and van der Waals Repulsion 


The atomic radius is the effective size of an atom when it is covalently bonded to another atom. In 
this text, this term means the same thing as covalent radius. The van der Waals radius. in contrast. 
measures an atom's effective size when it is not covalently bonded to another atom. 

The covalent radius of an atom is much smaller than its van der Waals radius. The reason is 
that because electrons are shared in а chemical hond. nuclei are drawn closer together than they 
would be in the absence of such sharing. In other words. electrons in a bond are attracted to both 
nuclei. and thus pull the nuclei together. Nonbonded atoms do not share their electrons, by 
definition. 

Let's look at a simple example. The bond length of Ha (H—H. or dihydrogen) is 0.746 A. If 
we define the covalent radius as half of the separation of the two hydrogen nuclei. then the 
covalent radius of hydrogen is (0.746 A)/2 = 0.378 А. As the text states. the van der Waals radius 
of hydrogen is 1.2 A. Clearly. a covalently bound hydrogen is separated much less from its bonded 
partner than it is from a nonbonded atom. 

If nonbonded atoms are pushed together so that their electron clouds overlap. they resist. This 
resistance is called van der Waals repulsion. Pushing atoms together can result from applying 
pressure. We know if we apply pressure to a balloon. the instant we release the pressure, the 
balloon springs back to its onginal shape. This is because the molecules of gas inside the balloon 
tesist being pushed together. In some structures, atoms that are not honded to cach other are forced 
to violate each other's van der Waals radii; gauche-butane is such a structure. The resulting van 
der Waals repulsions cause the molecule to have a greater internal energy as compared with unti- 
butane. 


ТТТ REACTION REVIEW 


1. REACTION OF HYDROCARBONS 


A. COMBUSTION 


1: 
2: 


Combustion is the most important reaction of alkanes. 


Complete combustion affords carbon dioxide and water as the only combustion products. 


3n +1 


CHang + 2 


О, —> пСО, + (n*1)H;O 


Combustion can be used in elemental analysis. which is the quantitative determination of elemental 
compositions. 


The mass percents of the elements obtained from a combustion analysis of a compound can be used, 


together with the molecular mass, to determine the molecular formula. (See Problems 2.44 and 2.45, 
text p. 85.) 


ыи od (din 
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К SOLUTIONS TO PROBLEMS 


Solutions to In- Text Problems 


24 (a) The number of hydrogens in an alkane (branched or unbranched) is 2n + 2, where n is the number of 
carbons. Consequently. there are 2(18) + 2 = 38 hydrogens in the alkane with eighteen carbons. 
th) Ма: all alkanes—indeed, all hydracarhons—must have an even number of hydrogens. Thus, if 2n + 2 = 
23, then л would have to be 10.5—ап impossible number of carbons. 


tw 
һә 


Structural formulas of tridecane: 
CH4CH;CH;CH;CH;CH:CH;CH;CH;CH;CH;CH;CH4 CH3(CH2).,CH4 
structural formula of tridecane condensed structural formula of tridecanc 
The difference in the boiling points of decane, undecane. and dodecane in Table 2.1, text p. 47. is about 20° per 
carbon. Consequently, the boiling point of tridecane is estimated by adding 20° to the boiling point of dodecane 
10 obtain 236°. (The actual value is 235°.) 
23 (a) The staggered conformations of isopentane are А. C, and E; the eclipsed conformations are B. D. and F. 


„С 


H 
Tae, ag aC a н кру" A 
H H 
H;C CH, HC H.C CH; + Ch, HC CH; HC CH; 
H 


A " c D £ F 


(b) Тһе curve of potential energy versus angle of rotation is shown in Fig. SG2.1. The staggered 
conformations B and D have the highest energy because they have eclipsed methyl groups. 


Ea 
E 
z 
ЕЗ 
= 
z 


angle of internal rotation 


Figure SG2.1 A diagram of potential energy versus angle of internal rotation in isopentane to accompany the 
solution to Problem 2.36 The conformations are shown the solution to part (a). Each conformation differs from 
the adjacent ones by a rotational angle of ®60°. 
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(c) | Conformations A and £ have the lowest energy because they have one less interaction in which methyl 
groups are "close together"—that is. the C—CH bonds have a 60° dihedral angle—than conformation 
C: hence, either of these conformations is present in greater concentration than conformation C. 


2.4 (a) The projected bond is the carbon-carbon bond at the end of the butane molecule: 
projected bond 
і 
H3C т CH;CH;CH, 


There are three identical staggered conformations and three identical eclipsed conformations. 


T b. 
E CH;CH; ES е9 CH;CH, 
CHCH; "M 
ü — ч 
H Lc 
A B C D E F 


(b)  Thecurve of potential energy versus angle of internal rotation is essentially identical to the curve for 
ethane (Fig. 2.3, text p. 51). except that the energy difference between staggered and eclipsed forms is 
slightly greater. That is. the energies of all staggered forms lic at equal minima. and the energics of all 
eclipsed forms lic at equal maxima. 

(c) _ All staggered conformations are present in equal amount because they are identical. 


There 15 a subtlety here. Problem 2.4 has considered the conformation about the C1—C2 bond in 
co» isolation. Any staggered conformation about the С1-С2 bond contains a mixture of gauche and 
anti conformations about the C2-C3 bond. 


2.5 (а) 
Н. „оң; CH, н 
CH e TN “> CH; 
H H X 
H H H H 
H3C H CH; CH; 


(b) Structures B and С are drawn correcuy: two bonds in the plane, one solid wedge coming towards you and 
one dashed wedge going away. In structure A, the H-C-H bond angle appears to be 180°, or linear, 
which is inconsistent with the 109.5? bond angles in an sp*-hybridized atom. In structure D, the wedge 
and dashed wedge are on opposite sites of the H-C-Br bonds, which is not possible for a tetrahedral 
molecule. You should build a model and prove to yourself that arrangements А and D cannot exist. 


2.6 (a) | Observing the sawhorse structure from the perspective shown, the viewer would observe the compound 
as the Newman projection shown to the right. The propyl group is abbreviated as C,H}. 
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C;H; C3H7 
j HO H 
Ho. НОФ “н 
/ HO H 
4” Ch m 


(b) Rotating C2, the front carbon, by 120° in the clockwise direction gives the structures shown below. View 
a model in each of the orientations shown so that you can relate the three-dimensional structures to your 


drawings. 
C3H7 C3H7 C3H7 
| 
Í ae L он tie уй 
RUP m AA, ә" PI 
HO^ ^H HO H H H 
H 
CH | 
Newman projection C2 rotated clockwise 120^ sawhorse structure [ime-and-wedge structure 
from part (a) 


(c) X Rotating C2, the front carbon, by 180° gives the structures shown below. These conformations are 


eclipsed. 
C3H7 
CH7 Hx CH; 
H3C HO H 
> HO . —C0—0C-. 
H H 4 “OH 
HO H М OH / \ 
" T H OH HO H 
Newman projection C2 rotated clockwise 180° sawhorse structure. limne-uand-wedge structure 
from part (а) 
2:7 (a) _ 2.3,5-Trimethylhexane. Numbering of the chain is determined by pairwise comparison of the possible 


numbering schemes: (2.3,5) versus (2.4.5). The first scheme has the lower number at first point of 
difference (rule 8, text p. 64). 

(b)  2.4-Dimethylhexane 

(c)  4-Ethyl-5-propyloctane. In this case. alphabetical citation governs the numbering of the principal chain. 
because numbering is ambiguous otherwise (Rule 10, text p. 64). 

(d) —2.5.5-Trimethylheptane. Rule 8 rules ош 3,3.6-1rimethylheptanc. 


2.8 (a) This type of problem requires a systematic approach. First. draw the structure of hexane itself. 
CHCH;CH)CH;CH;CH, hexane 


Next. draw the structures with a principal chain of five carbons and one methyl branch: 


нин CH4CH;CHCH;CH, 
CH, CH, 
2-methylpentane 3-methyIpentane 


Finally. we draw the structures with two methy! branches. 
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CH; CH; 
CH,CHCHCH; онен, 
Сн; dvs, 
2.3-dimethvIbutane 2.2-dimethylbutane 


(b) Following the systematic approach used in part (а). we first draw the structure of heptane itself. 


CH4CH;CHXCH;CH;CH;CHs heptane 


Next. draw the structures with a principal chain of six carbons and one methyl branch: 


CH4CHCH;CH;CH;CH; CH4CH;CHCH;CH;CH; 
| | 
CH; CH; 


2-methyvihexane 3-methylheaane 
Notice that moving the methyl branch one or more carbons to the right gives identical structures. Next. 
draw the structures with five carbons in their principal chains and two methyl branches: 


CH; сњ CH; CH, 
| 

CH,CCH;CH;CH; CHsCH,GCHCH, CH,CHCHCH;CH, — CH,CHCH;CHCH, 
| | 
CH, CH, CH, CH, 


2,2-dimethyipentane 3.3-dimethylpentune 2,3-dimethylpentane — 2.4-dimethylpentane 


Then there is the structure with one ethyl hranch. and the structure with à four-carbon principal chain: 


Снн, lus CH, 
| 
CH,CH;CHCH;CH; CH,C —CHCH, 
| 
3-ethvlpentane CH; 


2,2,3-trimethylhutane 


2.9 (a) Тһе designation and numbering of the principal chain are shown below. 
5 4 EM 
ELE AN ME 
6CH, CH, 


H;— CH; — CH; 
7 8 9 
Numbering is in the direction shown because it gives the lower number at first point of difference. The 
compound is a substituted nonane: it has branches at carbon-4 and carbon-5. The name is 5-ethyl-4- 
methylnonanc. (Notice the alphabetical citation of substituents.) 


(b) Numbering from either direction gives the branch numbers (4.5.5.6); for that reason. alphabetical citation 
(rule 10) provides the basis for numbering. The name is 4-ethyl-5.5,6-trimethyInonane. 


2.10 The compound is 3-ethyl-4-propylheptane. and the expanded structure is as follows: 
НС — CH; — CH;— CH — CH — CH;— CH; 
| | 
НС — СН, CER CH; CH;— CH; 


Mo part " * uploaded of unit iae 
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Your structure might look different from this one. Any structure with the same connectivity 
as this one is correct. 


2.11 The structure of 4-isopropyl-2.4,5-trimethylheptane: 


"^M 
CH,CHCH,C— CHCH;CH; 
| 
CH(CH3); 


4-isopropyl-2.4,5-trimethyIheptane 


nM 
M 


(a)  Inthe following structure, p = primary, s = secondary, / = tertiary, and g = quaternary. 


р р p 

CH, CH, CH, 
p | p 
CH;CHCH;CI— CHCH;CH, 
t£ S | f S 


CH(CH); 
г ТР 


4-isopropyl-2.-4,5-trimethyIheptane 


(b) The primary hydrogens are those in the structure in part (a) at the carbons labeled "p^: the secondary 
hydrogens are those at the carbons labeled "s"; and the tertiary hydrogens are those at the carbons labeled 
sp" 

(c) The methyl groups arc the CH; groups in the structure of part (a) with carbons that are labeled with a 
"p". The other groups are outlined in the structures below. 


sec-buty! group isopropyl group 


isobutyl group Rh сн, (Сн; \ CH; Çh ethyl group 
(їй,онбнус—нснусну) HaC —CHCH,CH,) 
CH(CH;), COD 
isopropy! group 


2.13 Ethyl groups are in the shaded circles: methyl groups are in the boxes. Each ethyl group by definition contains a 
methyl group. 


(JH,C CH 


(Сс сн—н—сн— —сн;-@н;—{Сн/) Cm 
ы ESD 


CH,-{cHs) C] methyl group 


4-sec-butyl-S-ethyl-3-methylociane 


2.14 (a) (b) 


b А 


2.2.3.4-(clramethylheptane ethylcevclopentane 
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(a) Me Ме Me (b) 
Me 


t-Bu Et 
Me Me 


(a) The name is l-ethyl-2,4-dimethylcyclopentane. Rule 10 (alphabetical citation) and rule 8 dictate the 
numbers of the substi:uents. 

(b) Тһе carbon with two branches receives the number | by rule 8, text p. 64. The name is 1.1.2,4-tetraethyl- 
3-methylcyclobutane. Tetraethyl begins with the letter e for citation purposes: that is. the prefix "tetra" is 
ignored in the alphabetical citation of prefixes. 


(a) Every ring decreases the number of hydrogens by 2 from the fully saturated number of 2n + 2 (л = the 
number of carbons). Therefore, the number of hydrogens is 2n + 2 – 4 = 2n - 2. 

(b) By the reasoning in part (a). the formula is 2n — 4. 

(c) _ By the reasoning in part (a). the formula is 2n 2 — 2m = 2(n + 1 — m). 


(a) Ву the reasoning used in the solution to problem 2.14(a). the number of hydrogens differs from the fully 
saturated number (18) by 8 (four pair). Therefore. the compound has four rings. 

(b) Тһе number of hydrogens differs from the fully saturated number (16) by 4. or two pair. Therefore. the 
compound has two rings. 


(a) Because it is very symmetrical, the more branched and compact isomer 2,2.3.3-tetramethylbutane should 
have the higher melting point; its melting point is 100.7°. 


Note that this compound is a liquid over only about a 6" range: as a solid. it has a very high 
c» vapor pressurc, especially at temperatures approaching its melting point. For this rcason. this 
compound readily sublimes (is converted directly from a solid into a gas and vice-versa). If we 
gently heat the solid. it will evaporate and condense as a solid on a cooled condenser. This 
process, called sublimation, is used to purify solids that have a relatively high vapor pressure. 


Branched alkanes pack together in the solid state less effectively than linear. straight chain alkanes. thus, 
the melting point of branched alkanes is lower (less energy is required to change the material from the 
solid to liquid state). So octane melts at —56?, and 2-methylheptane at – 109°. 


(b) Benzene is a very symmetrical compound. The carbon framework is essentially a planar hexagon. 
Because of its resonance structures, all carbon-carbon bonds have equal length. (See Problem 1.15, text 
p. 71.) The more symmetrical benzene has an usually high melting point (for a hydrocarbon), +5.5°. The 
less symmetrical toluene has a more typical melting point, -95°. 


Water is not very effective in distinguishing a gasoline fire because the gasoline is not "smothered" by the 
water. Because it is less dense than water, gasoline always rises to the surface of water. where the air supports 
further combustion (see Sec. 8.6D. text p. 359, for further discussion). 


(а) Balancing a general combustion equation starts with the fact that each carbon must generate a mole of 
CO,. Water is then used to balance hydrogens and dioxygen to balance oxygens. 


Зп + ^ 


СН»; | =y J% ——» пСО, + (п +1) Н,0 


(b) Follow the same procedure as in part (a), noting that there is one less mole of water formed per mole of 
СО» and one less atom of oxygen required. 
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Ch. + 3o, — » пСО, + nH,0 


2722 Use the balanced equation in the solution to Problem 2.21a with n = 8. First, calculate the moles of octane in 15 
gallons of octane. (The molecular mass of octane is 114.) 
moles CyHjg = (15 gal)(3.785 L gal ')(692 g 1! )([1/114] mol р!) = 345 
As shown in the solution to Problem 2.21a. eight moles of CO; are formed per mole of octane burned. 


Therefore, (345)(8) = 2.760 moles of CO; are formed. 
Next. convert 2.760 moles of CO, into pounds of CO; to obtain the answer: 


Ib CO; = (2.760 mol (44 g mol (0.001 kg g Y(2.20 Ib Кет!) = 267 


228 {ај А carboxylic acid—indeed, the only carboxylic acid— with this formula is acetic acid. 


9 
acetic acid 


(b) Апу structure with five carbons, an —OH group. and either a ring or a double bond is correct. Two of 
many examples arc the following: 


(o H;C — CHCH;CH;CH; — OH 


4-penten- 1-01 
cyclopentanol 


2.24 With 12 hydrogens and 5 carbons, this compound cannot have any double bonds or rings. Because amides, 
carboxylic acids. phenols, and esters each contain опе or more double bonds. these groups are ruled out. An 
amide is ruled out also because if contains nitrogen, which is not preseni in the compound. The remaining 
possibilities are a compound with two ether groups, a compound with two alcohol groups. or a compound with 
both an ether and an alvohol. Examples of each are the following: 


OCH, OCH, 
| 
a compound with a compound with à compound with 
two alcohol groups an alcohol and an ether group two ether groups 


Solutions to Additional Problems 


2225 (a) Use the rule of thumb that an additional carbon adds about 20-30 ° to the boiling point. Because the 
secand compound has one more carbon than the first. its boiling point should be about 20-30 ° greater. 
The estimated boiling point is 175-185 °. 
(b) Тһе second compound has two more carbons than the first, and should have a boiling point that is 40- 
50 ° greater—approximately 168—178 °. 
(c) Because the two compounds have the same functional groups and the same number of carbons, their 
boiling points should be very similar. An estimate is 152 °С. 


2.26 (a)  Theisomers of octane with five carbons in their principal chains: 
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CH; 


ins 


| 
| 
CH; CH; 


CH, CH, CH, CH, CH, 


2,3,4-trimethylpentane 2.2, 4-trimethylpentanc 


CH; 


2,2,3-trimethyIpentianc 


CH, 


| | 
HC — CH Bu E LEE e — CH— CH;— CH, i d 
| | 


Сн, CH, CH; CH,— CH, 
2.3.3-trimethvipentanc 3-ethyl-2-methylpentane 
(b) The isomers of octane with six carbons in their principal chains: 


| 


CH; CH, CH; CH; 
2,3-dimethylhexanc 2,4-dimethvihexane 
ft "m 
Hie an Sie CH; — СН, — CH; LUE diu ERU GR 
CH, CH, 
2.2-dimethylhexane 3,3-dimethyIhexane 
(a) (b) 
p 
S CH; $ 
Ў 
5 
$ p 
EC 


(a) | Neopentane has five carbons. and all hydrogens are primary: 


CH; 
HC—6— 0H, 
cH, 
2.2-dimethylpropane 


(b)  Cyclopentane has five carbons and only secondary hydragens: 


Ж 


cvclopentane 


(c) Тһе structures that fit this description have several rings fused together. Among these are the following. 


along with their trivial names. 
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CH;— CH, 


3-ethyl-3-methylpentane 


H3C —CH —CH,— me Б 
| 


HC 


CH, 


CH, 


2,5-dimethylhexane 


CH;—CH — CH, 
CH;— CH, 


3-ethylhexane 
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CH, 


CH, 


кә 
кә 
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A Gs5 


prismane cubane tetrahedrane 


(d) The simplest composition has 6 carbons (72.06 atomic mass units) and 12 hydrogens (12.10 atomic mass 
units) for a molecular mass of 84.16. Cyclohexane or any other six-carbon hydrocarbon containing either 
one ring or onc double bond would fit. 


Q H;C — CHCH;CH;CH;CH, 


1-hexcne 


cyclohexane 


(a) 5-Ethy]-4,4-dimethyloctane. Note that the numbering is governed by the "first point of difference" rule 
(rule 8, text p. 64). 

(b)  4-Ethyl-5-methyloctane 

(c) | 2.3-Dimethylnonane 


74 In noncyclic skeletal structures. don't forget to count the carbons on the ends of the chains. 
LJ 


(d)  4-Isopropyloctane 

(e)  Inthis example. alternative numbering schemes are compared: (1.2.2.3), (1,1.2,5). and (1.4.5,5). The first 
point of difference among these schemes occurs at the second number, and the second of these schemes 
has the lowest number at this point. The папе, then, 15 2,5-diethyl- 1. 1 -dimethylcyclopentane. 


(u) (b) (e) 
et Сн, ens 
CH,CHCH,CHCHCH,CHs CH,  CHCH,CH, 
CH.CHCH, CH COH CH CHCHCH OH OH 
CH; CH; C(CH;); 
4-isobutyl-2.5-dimethylheptane 2,3,5-trimethyl-J-propylheptane — 5-sec-butyl-6-/er7-butyl-2.2-dimethyInonane 


(a) This compound should be named 2.4.6,6-tetramethyloctane: 


CH, CH, 
CHCCHCHCH.CHCH, 
CH,CH, CH, 


2,4.6.6-1etramethyloctane 
(b)  5-Neopentyldecane is a correct name. 
CH3CH;CH;CH;CHCH;CH;CH;CH;CH; 


CH;C(CH;), 


5-ncapentyldecane 
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(c) — Ima's name ignored the "first-point-of-difference" numbering rule: 


4-cvclopropy-1.2-dimethylcyclohexane 


(d) The correct name is 4-terr-butyloctane. 


њс Сн.©н;Сн,бн, 
CH,C— CHCH;CH;CH, 
| 
нс 


4-tert-butyloctane 


(a) There are several possible candidates for the principal chain that have 7 carbons. Rule 3 on text p. 61 
covers this situation: choose the chain with the greatest number of branches. The correct choice has 6 
branches. (The other possibilities have 3 and 4 branches, respectively.) This is not named as a substituted 
cyclohexane because the principal chain has more than 6 carbons. 


3.§-dicvclohexy!-S-cthyl-2,2-dimethyl-4-prapyiheptune 


(b) Тһе systematic name for “pullane™ is 1,1-di-tert-butyl-2.4-diethyleyclopentane. 


(a) Тһе connectivity of A: the groups connected to the carbon of the projected bond nearest the observer are 
С.Н; and two CH; groups: the groups connected to the back carbon of the projected bond are Н and two 
CH; groups. The connectivity of B and С are the same, as the following analysis shows. 


a a 
a 
бады: аны h — CH 
AR: СЗ 
H H 2 5 H 1 > ч 
e is the back Za d is the back 
i ч carbon c carbon 
H CH;CH; H CH; 
gCH h T da 
B C 


Hence. structures В and C are Newman projections of the same compound, 3-ethyl-2-methylpentane. 
Compound A is 2,3.3-trimethylpentane. 


IA 


A common mistake in interpreting Newman projections is to forget the carbon that is in the 
back. or "hidden." Be sure to remember that the Newman projection represents a bond to two 
carbons: the nearer one for which bonds are drawn to the center of the circle: and the farther 
one, for which bonds are drawn to the periphery of the circle. Naming the compounds is a lot 
easier if you draw out the structures rather than working directly from the Newman projections. 
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(b) Structures A and C both have the connectivity [((CH4);3CH. CH», CH(CH;). CH», CH». CH3]. The 
connectivity of B is different. Consequently, structures A and C represent the same compound, 2.4- 
dimethylheptane. Compound B is 3-ethyl-2-methylheptane. 


2.34 (a) А skeletal structure of compound B in Problem 2.33(a). 2.3.3-trimethylpentane. (This structure can be 
drawn in many different ways.) 


skeletal structure of 2,3,3-trimethy lpentane 


(b) Тһе propyl group on carbon-4 has to be gauche to either the ethyl group or the isopropyl group. Because 
the isopropy! group is larger, the propyl group is gauche to the ethyl group in the most stable 
conformation. 


carbon-4 


H 
CH,CH;CH; \ H 


2 1 
CH4CH; ү" — Ch; 
н о 
1 
The ambiguity in drawing the structure is that it has a mirror image, which is not the same. although it 
has the same energy. (The issue of mirror-image structures is considered in Chapter 6.) If you drew the 


mirror-image structure. it is equally correct. As noted in the solution to Problem 2.33(b). the name of this 
compound is 3-ethyl-2-methylheptane. 


2.35 All staggered conformations (A) of chlorocthane are identical and thus have identical energies: all eclipsed 
conformations (В) are identical, and also have identical energies. The energy barrier is the energy difference 


between conformations В and A. The diagram is shown in Fig. SG2.2. 


Cl Cl 


conformations of chlorocthanc 


о 
К 
e 


Both curves would have the same general appearance, that is, three barriers of equal height. (See Fig. SG2.3.) 
However, the curve for 2,2,3.3-tetramethy!butane should have greater potential-energy barriers because each 
eclipsed conformation has thrce severe methyl-methyl eclipsing interactions. and because eclipsed methyl 
groups have greater repulsion than gauche methyl groups. 


methy I-methyl 
eclipsing interactions 


CH; uds 
HaC CH; 
нс 
HaC CH, Hic eth 
CH, 
4 B 
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ЁЁ 
2% 
т 4 
25 


angle of internal rotation 


Figure SG2.2 A diagram of potential energy versus angle of internal rotation In chloroethane to accompany 
the solution to Problem 2.35. The conformations are shown in the solution. Each conformation differs from the 
adjacent ones by a rotational angle of +60’ 


angle of internal rotation 


Figure SG2.3 Diagrams of potential energy versus angle of Internal rotation in 2,2,3,3-tetramethylbutane anc 
ethane to accompany the solution to Problem 2.36. The conformations are shown In the solution. The 
staggered conformations of ethane and 2,2,3,3-tetramethylbutane are placed at the same energy for 
comparison purposes. Each conformation differs from the adjacent ones by a rotational angle of +60° 


2.3 (a) a conformations of 1,2- Б a are shown in Fig. SG2.4: 
B F 


(b) Conformation D is present in greatest amount, because it has the lowest energy. 
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ic 
# 
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angle of internal rotation 


Figure SG2.4 A diagram of potential energy versus angle of interna! rotation in 1,2-dichloroetnane to 
accompany the solution to Problem 2.37. The conformations are shown in the salution. Each conformation 
differs from the adjacent ones by a rotational angle of 60°. Notice that this curve is very similar to that of 
butane (Fig. 2.5, text p. 53) 


(a) The principal chain of 2,2-dimethylpentane is a five carbon chain. so Newman projections are shown in 
the staggered conformations viewing down the CI —C2 bond, the C2—C3 bond, the C3—C4 bond, and 
the C4—CS bond. 


H t- CH, (t-Bu) 
Me Me H Et H H H H 
H H Me Me H H H H 
Pr H Me H 
C1-C2 C2-C3 C3-C4 C4-C5 
(b) The most stable conformation of 2.2-dimethylpentane will include all staggered conformations. The 
larger alkyl groups must be as far away from each other as possible, particularly with regards to the 
structure viewing down the C2— C3 bond. The reri-butyl group should be anti to the methyl group. 


(c) | Line-and-wedge structures of the most stable conformation of 2,2-dimethylpentane: 


HC CH,H MeMe H H 
M К V M Y 
Ho" Б” "oC US a ser йе 


(S (S 


Because severe van der Waals repulsions occur between the tert-butyl groups in compound A at normal bond 
lengths and angles, the only way for the molecule to relieve these repulsions is to stretch the appropriate bonds 
and flatten itself by widening the C—C—C angles. The observed structure is a compromise between the Scylla 
of van der Waals repulsions and the Charybdis of nonoptimal bond lengths and angles. 


A major contributor to the barrie: to internal rotation is the van der Waals repulsions between the methyl groups 
in the eclipsed conformations. In compound В these repulsions are smaller than they are in compound A because 
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the distance between methyl groups is greater in B. This distance is greater because the Si—Si bond is longer 
than the C—C bond. 


The C—O bond is somewhat shorter than the C—C bond (text p. 15). Consequently, when the me:hyl groups 
are gauche, the distance between them is smaller in the ether (compound A) than in butane (compound B). 
Consequently, van der Waals repulsions in the gauche conformation of the ether should be larger than those of 
the gauche conformation in butane, and the energy of the gauche conformation of the ether should be higher 
relative to the anti conformation, in which van der Waals repulsions are absent. In other words, the ether should 
have the greater energy difference between the gauche and anti conformations. 


(a) The expected dipole moment for the anti conformation is zero. because the polar C— Br bonds are 
oriented in opposite directions; hence their bond dipoles cancel. Likewise, corresponding to every C—H 
bond is another C—H bond pointing in the opposite direction. 

(b) It follows from part (a) that the observed dipole moment is due solely to the relatively small amount of 
gauche conformation present. Hence, 


HM = Baan + Mgauche gauche 
or, with м, = О, 
1.0 = (0)(0.82) + B gauche (0.18) = Beyauche (0.18) 


Solving for u.s, gives Mysuche = 5.56 D. This is a very large dipole moment. But this is what would be 
expected for a compound in which two C— Br bond dipoles (as well as the smaller C—H bond dipoles) 
are oriented in ncarly the same direction. 


The Oxhide family burns (12.000 miles/25 miles gal") = 480 gallons of gasoline per year. The result from 
Problem 2.21 is based on 15 gallons; scale the result from that solution to 480 gallons by multiplying it by the 
factor (480/15) = 32. This gives a carbon footprint of 8.544 pounds per year of CO; for the Oxhide family car. 


For about 250.000.000 vehicles in the United States, with an average mileage of 18 miles gal ', 
c» the carbon footprint is about 3 x 10? (three trillion) pounds of СО»! 


(a) The mass of carbon in the sample equals the mass of carbon in the CO; product. 


mass of carbon in CO; = (mass of the CO» sample X fraction of the CO, mass that is carbon) 
= (24.60 mg)(12.01/44.01) = 6.71 mg 


The mass of hydrogen in the sample equals the mass of hydrogen in the Н.О product: 
mass of hydrogen in H:O = (mass of the H;O sample) fraction of the H:O mass that is hydrogen) 
= (11.51 mg)(2.016/18.016) = 1.29 mg 


The tota! mass of C and H is 8.00 mg. as it must be if C and H are the only elements present in the 
sample. 
(b) The millimoles (mmol) of С in the sample is 6.71/12.01 = 0.559, and the mmol of H is 1.29/1.008 = 1.28. 
Therefore, there are (1.28/0.559) = 2.29 moles of hydrogen per mole of carbon in the sample. or C Ha 2. 
(c) Multiplying 2.29 by 7 gives 16.0 hydrogens. Therefore. the formula of X is СН. 


(a) Using the procedure in Solution 2.44(b). the moles of carbon (in a 100 g sample) = (87.17/12.01) = 7.26, 
and the moles of hydrogen = (12.83/1.008) = 12.73. The ratio of hydrogen to carbon is 1.75. Multiplying 
by 4 gives a whole number of hydrogens (7). suggesting initially a formula of C,H;. However, all 
hydrocarbons must contain an even number of hydrogens. Therefore, multiply by 2 to obtain C,H as 
the smallest possible formula. (Any multiple of this is also a possibility. but we'll stick with the simplest 
possibility.) 
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The formula that gives the smallest whole-number ratio of a compound is called the empirical 
formula. In this example, the empirical formula is C,H;. The empirical formula of ethane is 
CH;. Combustion analysis gives the empirical formula. Sometimes. the empirical formula is the 
same as the molecular formula. More often. though. a molecular mass is nceded to determine 
the molecular formula. 


(b) Because each ring subtracts two hydrogens from the number present in a noncylic hydrocarbon (2л + 2), 
the alkane must contain two rings. [See the solution to Problem 2.17(c)]. Two of several possibilities that 
meet the criteria are the following: 


Cl GO 


(c) Because the compound contains two rings, they must have a single quaternary carbon in common. The 
following are examples are the only possibilities. 


X V X 


Compounds that contain rings joined at a single common atom are called spirocyclic 
compounds. 


2.46 (a) First list all the possibilities. 


Cl n 
| 
CH3CH;CH;CH;CH;— CI CH3CH;CH;CHCH; CH3CH;CHCH;CH; 
A B с 


There is only one possible structure for each of the compounds А and C. However, building models will 
reveal that compound B can exist as two nonsuperimposable structures that are mirror images of each 
other. Note that every structure has a mirror image; the issue is the noncongruence 
(nonsuperimposability) of the two structures. 


Ci CH; CH, 
CH;CH;CH;CHCH; CH,CHICHI с Bi CT CHICHICH; 
B H H 
2-chloropentanc nonsuperimposable mirror-image structures of 2-chloropentane 


Compounds that are nonsuperimposablc. or noncongruent, mirror images are called 
> enantiomers. We'll study enantiomers in Chapter 6. 


(b) The possibilities are as follows: 


сњ CH;CI Ch, e 
CH,CCH,CH, CH,CCH,CH, CH,C— CHCH; CH,CCH,CH,CI 
| | | 
Сн, CH, CH, CH, 
2 2-dimethylbutane A B С 


Compound В. like compound B in part (a). сап exist as nonsuperimposable mirror-image structures. 
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CH; С! ik e 
| | 
ш ыс. сно асн 
CH, H H 
R nonsuperimposable mirror-image structures of 2,2-dimethyl-3-chlorobutane 


2,2-dimethyl-3-chlorobutane 


Consult the inside front cover of the text for a list of common functional groups. 


(a) ketone (b) nitrile (c) alcohol (d) ether 
(a) amide (b) phenol (an aryl alcohol) (c) alcohol 


The functional groups in acebutolol are identified and the compound classes are labeled in the following 
structure. 


ketone 
id О 
amide 

la. 

1 i 6 Л & amine 
CA CHO, — ini Т OCH;— CH— CH;— NH — CH(CH3); 
aromatic -— ether :OH 
TEUER alcohol 
acebutolol 


(a) The isopropyl group can be connected to either the carbon or the nitrogen of the amide group. 


O 
| | 
(CH,),CH — C — NH; H—C— NH . CH(CH3; 


(b) The following are three of several possibilities: 


О о О 
CH4CH;CH;,— { x NH, cHcH,—-¢— NH — CH, H= l NH CH;CH;CH; 
(c) Such а compound must have a double bond to accommodate the formula. There arc several possibilities. 


ril 
H;C —CHCHCH; — NH; 


(d)  Acampound with the formula C HNO could not be a nitrile. A nitrile contains a triple bond, which 
would reduce the number of hydrogens to 7. 
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Acids and Bases 
The Curved-Arrow Notation 


STUDY GUIDE LINKS 


OF? 3.1 The Curved-Arrow Notation 


In using the curved-arrow notation, some things matter and some things don't. In drawing curved 
arrows. the only things that matter are the starting point and the destination of the arrows. n 
doesn't matter whether an arrow curves up or down, or whether it goes to the top or bottom of the 
atom. Your curved arrows might appear different from the ones in the text or solutions manual: 
what matters is where they start and where they end. For example. in cach of the following 
examples the curved arrows mean the same thing: breaking of a B—F bond with the electron pair 
moving onto the fluorine. 


T F: 
s MENY z m 
:F—B— Ft! means the same thingas :F—B—F: 
| LV 
F: :F: 


h also doesn't matter where the arrowhead points on an atom. For example, in the above example, 
the arrow can point directly to the Е, or to an electron pair on the F. In each case. the meaning is 
that fluorine is taking on another electron pair. 

The following is an example of the curved-arrow notation written in three different ways for 
an electron-pair displacement reaction. All of these are correct. They all refer to the same process: 
removal of a protor from the ammonium ion by hydroxide ion to give water and ammonia. 
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H H H 

oc S l. "ы m "X n 
HO: — H—N—H н: . H-N—H HOF  H-N—H 

H H H 


all describe the same process, which gives the following products: 


T 


M | 
HO—H + :N—H 


H 


C 3.2 Rules for Use of the Curved-Arrow Notation 


Now that you've seen several examples of the curved-arrow notation, let's summarize its use with 
six basic rules. If you follow these you will always use the curved-arrow notation correctly. The 
first two rules reiterate points that have been made repeatedly in the text. Examples of the last four 
rules are provided below. 


Rules for use of the curved-arrow notation: 
The first two rules are very important and general: 


|l. Curved arrows indicate the flow or "movement" of electron pairs, not atoms or nuclei. 
2. A curved arrow is always drawn with its tail at the source of electrons (a bond or unshared 
pair) and its head at the destination. 


The second two rules deal with the manipulation of unshared electron pairs: 


3. When an atom donates an unshared electron pair. a curved arrow must indicate that the 
electron pair is used to form an additional bond to the same atom. 

4. When an atom accepts an unshared electron pair. a curved arrow must show thai the electron 
pair originates from a bond to the same atom. 


the oxygen that donates 
the electron pair is involved in 


the newly-formed bond 


D 


өө” FX ee 
CH,OH + н: 


the additional electron pair on 
the chlorine came from a 
bond to the same chlorine 


|; en 
—> CH:ỌH + o: 


The last two rules deal with the manipulation of bonds: 


5. When a bond is lost. a curved arrow must show its conversion either into an unshared electron 
pair on one of the two bonded atoms. or into a new bond involving one of the two original 
bonded atoms, 

6. When a bond is formed, a curved arrow must show that it originates from either an electron 

pair on one of the two bonded atoms, or from a bond involving one of the two bonded atoms. 


The following example illustrates these rules: 
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the bond lost from Br becomes an 
electron pair on the same Br 


Exo ls ——» HO—H + O=CH, + :Br: 


the bond between O and H becomes 
a new bond between one of the atoms (O) 


Don't try to memorize these rules. Instead. go back in the text and look at about three or four 
equations that show the curved-arrow notation and demonstrate to yourself that these rules are 
applied correctly. Then, the next few times you use the notation, usc your intuition to answer the 
problem. but then check your result against these rules before you look at the answer. If you do 
this three or four times, you're not likely to misuse the notation. 


3.3 Identification of Acids and Bases 


This section stresses an important subtlety in dealing conceptually with acids and bases. An acid 
or a base—whether of the Lewis type or the Bronsted type—is defined by a reaction. and not by a 
structure. For example. some compounds react by donating à proton in certain reactions. in which 
case they are Bronsted acids; in other reactions, they react in other ways. in which case, they are 
not Bronsted acids. 

You can sometimes tell from a structure whether a compound might react as an acid or a base. 
When someone looks at a structure and says. “That compound is an acid." what that person really 
means is "That compound is capable of acting as an acid." lt is an acid only in reactions in which 
it is acting like one. Thus. a compound with an unshared electron pair might react as a Lewis base: 
but if the same compound has an acidic hydrogen, it might also react as a Bronsted acid. The water 
molecule. with its amphoteric character. is an example of exactly this situation. Whether water is 
an acid or a hase depends on the reaction. An electron-deficient compound certainly has the 
capability to react as a Lewis acid. and we might say. “That compound is a Lewis acid,” but it is 
not a Lewis acid until it reacts like one. It might undergo other types of reactions in which it does 
not act as a Lewis acid. You have to see what happens to a compound in a reaction before you can 
classify the compound as an acid or base; and then the acid or base character is defined for that 
particular reaction. 

Consider the following analogy. Suppose you have a friend who has just purchased a sleek. 
red convertible. He or she asks you, "Is that a fast car. or what?" Logically. you can't answer the 
question until you see the car perform, even though you suspect that it may have the capability of 
running at great speed. In the Indianapolis 500, your friend's car may not be fast at all. On the 
back roads of rural Indiana, it may be the fastest car anyone has ever seen. When someone shows 
you a structure and asks, “Is this a strong Brensted acid or what?" your logical answer should Бе. 
"Show me the reaction and I'll tell you." 
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FURTHER EXPLORATIONS 


3.1 inductive Effects 


The name inductive effect originates from the idea that the polar effects of substituents are 
transmitted through bonds. To see how this works, cansider the polar effect of a fluorine on the 
pK, of fluoroacetic acid. the compound shown in the diagram in Eq. 3.43, text p. 116. This 
diagram shows the polar effect of the fluorine operating through space. In a through-bond model 
for polar etfects. the positive end of the carbon-fluorine bond dipole pulls bonding electrons 
taward itself, thus inducing a positive charge on the neighboring carbon. In other words. one bond 
dipole induces dipoles in neighboring bonds. This induction continues throughout the molecule, 
resulting in an attractive interaction between the negative charge on the oxygens and the induced 
positive charge on the neighboring carbon: 


attraction. a, 
™ & 
P^ 
расне EG 
О 
bond induced d 


dipole bond 
dipole 


Like the through-space model, this effect is stronger when there are more polar substituents, and it 
decreases in magnitude with increasing distance. 

Opinions differ as to the importance of the "through-bond" and "through-space" models. 
However, the two models in most cases make the same qualitative predictions. 
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=, SOLUTIONS TO PROBLEMS 


3.1 


3.3 


3.4 


Solutions to In-Text Problems 
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(a) The product results from donation of an unshared electron pair from the oxygen of H5O to the electron- 


deficient carbon of the cation. 


CH; 
| 
о а 
CH, 
Lewis acid 


clectrun donor 


CH 


+ 
~~ :QH, —— > Hc —C — Öh; 
Lewis base 


CH, 


(b) Тһе nitrogen of ammonia donates an electron pair to electron-deficient boron of BF;. (The electron pairs 
on the fluorine are not shown because they have no direct part in the reaction.) 


electron donor 


F F 
| [m 
F B^ —:NH, —- F—B-— NH; 
F Lewis base | 
Lewis acid 
(a) (b) (c) 
eoe б: нс, T uc^ 
CH T—6—CH, Hy | 0 
| с^ П HCW of 
J CH, os 


J^ № p^ 
CH;0:- H~ 


CH; 


electrophile 


3 - oF 
CH, + 3H ——> | 
nucleophile 
мо огч al If be fest at ати о.е ov thout pem imar g ve OLE hhe 


CH; — cH Br —»- cHÜ—H HC= сн Br: 


CH, 
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CH; 
5, 

( 3 
| 
H 


3.5 (a. b. c) 


HC + ÜCH 


CH 
3.6 (a) 


447. 7x * 
[нн cn, <> н;с==сн—@н, | 
allyl cation 


(b) 


q 


miram <—> Hc=cH—&, | 


allyl anion 
(c) 
©з — С) 
һепгепе 
3.7 (a) 


leaving group electrophilic center 


nucleophilic center CH, 


HC—O0— cR, + §—cH, — HC—O: + CH,—S§—CH; 


electrophile nucleophile 

CH3 CH, 
HC—O'-H *«3B—cH —= Hc—0 +  H—É—cH 
Brensted acid Bronsted base 


(b) 


electrophilic center 
nucleophilic center 
a a - А 
HxC—CHp Br: 7736 еМ: ——B HC—CH—C=N: + iB 
electrophile \ nucleophile 


leaving group 


ee = = 
H Br: + uCmN o —— H—C=N: + :Br: 


Bremsted acid Brønsted base 
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3.8 As noted an text p. 98. Brensted acid-base reactions are generally much faster than the reactions of the same 
base with other electrophiles. Therefore, the reaction of hydroxide ion occurs with HBr almost exclusively. 
Therefore. the products are Н.О, Вг”. and unchanged H1C— Вг. 


3.9 (a) 
conjugate 
base-acid pair | 

'a! ! 

EN apt E T 
HN—H + :ỌH =Œ NH; + H,0: 

conjugate 
acid-base pair 


(b) 
conjugate 
basc-acid pair 
HN--H + NH, <=> йн, + NH, 
acid-base pair 


3.10 Let H:O be the acid on the left. Then CH,OH is the acid on the right. (If you chose CH,OH as the acid on the 
left, then switch reactants and praducts in the reaction below.) 


conjugate 
| basc-acid pair 
! 
HÖ—H + 30cH, === HOF + H—GCH, 
| conjugate | 
acid-base pair 


3.11 (a) The reverse of reaction 3.16a is a Lewis acid-base association reaction: there is no leaving group. 


an electrophile 


and a Lewis acid : 
a nucleophile 


CH; CH; and a Lewis base 
H;C—C—Br: == НСС BF 

CH, CH, с 

А В 


(b) Тһе reverse of reaction 3.166 is a Lewis acid-base dissociation reaction. There is no nucleophile. 


leaving group 
and Lewis acid 


P. (| 
le 
icf + :0—H -——-7* H,C—C-——Q—H 
CH; D CH; 
B E 
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(c) Like the forward reaction. the reverse of reaction 3.16c is a Bronsted acid-base reaction. 


Bronsted base 
and Lewis base 


electrophile 
CH, H CH, H | f^ ы 
HC—C—g-H + UH, a нс—С—р0 “HH 
| 
CH, F CH; H 
t G Brensted acid 


3.12 (a) Two curved arrows with the proton of HBr as an electrophile makes this a Bronsted acid-base reaction. 
nucleophilic center electrophilic center 
leaving group 
\ n7 
=. [x + / АРЕ 
Н,С== СН; Н —Br: —» H;C —CH; :Вг: 


nucleophile and electrophile and 
Brensted base Brensted acid 


The reverse reaction is also a Bronsted acid-base reaction: 


electrophilic nucleophilic center 
center E ксы E 
:Вг: 


' ы. m 


C, nucleophile and " = Rr. 
НС СН, | Bronsted base HC—CH; + H—Br: 


electrophile and ~ leaving group 
Bronsied acid 


(b)  Thisisa Lewis acid-base association reaction. 


nucleophilic electrophilic center 
center он OH 
Ж S 
H,0:~ —B—OH ——— H,O—B—OH 
| | 
nucleophile and 
Lewis base OH OH 


electrophile and 
Lewis acid 


The reverse reaction is a Lewis acid-base dissociation reaction: 


kavi 
“ча OH OH 


H,Ó — B— OH ===» HÖ: + B—OH 


| 
OH OH 


3.13 Find the pK, by taking the negative logarithm of the К.. 
(a) pK,23 (b) pK,= 5.24 (c) рК„=-17 


3.14 Find the K, by changing the sign of the pK, and taking the antilog. 
(а) K,-210* (Ы) К„=107#—=1.58х10% (с) K,z10'z100 


3:15 (a) Тһе strongest acid in Problem 3.13 is the one with the lowest (most negative) pX,—that is, (c). 
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(b) 
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The strongest acid in Problem 3.14 is the one with the largest K,—that is, (c). 


Basicities decrease with increasing pK. 


(a) 
(b) 


(b) 


(a) 


(b) 


мо ма af 


According to Eq. 3.23, pK, = pK, - pK, = 14 – 4.67 = 9.33. 
When acetic acid is dissolved in water. a portion of the water molecules become protonated, according to 
the following equilibrium expression 


CH4CO;H + H,O ==” CH,CO; + ЊО“ 


pK, = 4.76 pK, = -1.7 


weaker acid stronger acid 


Even though the equilibrium strongly favors the left side of the equation, some НО ions have been 
created by adding the acetic acid to the water. So the pH of the solution is lowered at equilibrium. 


The situation can be contrasted when sodium acetate is added to water as shown below. 


CH4CO; + HO == CHCOOH + HO^ 


pK, = 15.7 pK, = 4.76 
weaker acid stronger acid 


Again, even though the left side is favored at equilibrium. there have been some OH ions generated. 
raising the pH of the solution. 


The acid-base reaction is 
H—CN + NH, === :CN + NH, 


When NH, acts as a base, it is converted into *NH, (the ammonium ion), which becomes the acid on the 
right. The pK, of the ammonium ion is 9.25. HCN is the acid on the left side of the equation, and its pK, 
is 9.4. Therefore, 


log Ко, = 9.25-9.4 = -0.15 
Therefore, 
Kaa OFS S671 
The acid-base reaction is 
H—CN + F: =—= :СМ + H—F: 
The acid on the right side of the equation is H—F (pK, = 3.2). and the acid on the left side is H—CN 


(pK, = 9.4). Using the procedure in part (a), we find that log Кш = 3.2-9.4 = —6.2, and 
Kg = 10 = 63 10". 


Ammonia acting as a base towards the acid water: 
NH, + нб: m—R NH, + ÖH 
base acid 

Ammonia acting as an acid towards the base water: 
NH, + Hj: === :ÑH, + нб" 


acid hase 
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Part (b) involves a stronger acid and stronger base on the right side by far than part (a). Therefore, the 
equilibrium constant for part (b) should be much smaller. To verify. apply Eqs. 3.26a and b. For part (a), the 
acid on the right is the ammonium ion (pK, = 9.25). The acid on the left is water (pK, = 15.7). The equilibrium 
constant is 10°25 150 = 107545 = 3.55 x 107. For part (Б). the acid on the right is H;O* (pK, = —1.74). and the 
acid on the left is ammonia (pK, = 35). The equilibrium constant is 10! 7* 25) = 10-74 = 1.82 x 1077. The 
equation in part (a) is therefore more important in aqueous ammonia, as you might know from general 
chemistry. Even though this reaction is the more important of the two, its К, shows that there is nevertheless 


relatively little *NH, OH in aqueous ammonia. 


Derivation of Eq. 3.31a from Eq. 3.30c: 


Derivation of Eq. 3.31b from Eq. 3.304: 


(a) 


No рәп 


This part of the question is asking us to determine [AH] and [A]. The pK, of ibuprofen is 4.43, which is 
less than the pH of the solution, pH = 5.0, therefore we expect more ibuprofen dissociated than 
undissociated, ог [A] > [AH]. Use Eq. 3.314 to solve for the fraction dissociated: f, = 0.78. In a 10 1M 
solution, 78% dissociated makes [A] = 7.8 x 107, while the remaining is undissociated, and [AH] = 2.2 x 


10 5. 


ual may be upiaade 


Sus 


т (107 x 107) + (10° x 10) 


= 10“ 


107° 
10 9^ +10" 
1 
10 - +10” 


ern 


| 
(ТОРА. x 10:75) + (10 x 10774) 
1 
105,199 9 
1 

| 1074-77" 

l 

1 
1419 "9 Р) 

1 


1-10 ^ 


10 *" 
1079 4107 


(im Ki ci 


1 
1 


JOPPA g] 
1 


1210? 


айд теак hing/ 
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(b) Since the pK, > pH, we predict that more ibuprofen is undissociated, or [A] « [AH]. Using Fig. 3.1 on 
text p. 108, we might predict that fan > 0.99 and that fa < 0.01. When we use Eq. 3.31a we can precisely 
calculate fa = 0.00370, or 0.370 95. which is consistent with our prediction. 


(c) Неге, since pH < pK, there will be more ibuprofen dissociated than undissaciated, nearly all dissociated 
if we consult Fig. 3.1. Solving for fa gives 0.999, meaning that ibuprofen is over 99% dissociated in the 
bloodstream. 


We want to again use Eq. 3.31a to solve for fa. However, in order to solve for A, we need the pH. which is not 
given. So first, we must figure out the pH of a 0.1 M solution of acetic acid in water. We have the pX,. which is 
the negative log of the K, (Eq. 3.20a. text p. 101). We can use К, = 1.8 x 10° to solve for the [H3O^] using Eq. 
3.19 on text p. 101. You may recall from your general or high school chemistry courses the "ICE" method for 
solving problems such as these, using the approximation that x is very small in determining your answer. 


к a [BOAT 


: [HA] 
18x10% = СОСО 
0.1-x 


Assuming x is very small, 


2 
183x107 = 2 
0.1 


1.8x10* = x? 
134x107 =x =[Н,О”] 


Now we can use Eq. 3.20b to show that the pH of a 0.1 M solution of acetic acid = -log[H3O"] = 2.87. Finally. 
we will employ Eq. 3.31a to calculate f, = 0.0129, meaning that a 0.1 M solution of acetic acid is only about 
1.3% dissociated in water, which is consistent with our classification of it as a weak acid. 


(a) | Consider each species individually. and construct a plot similar to Fig. SG3.1. First, at low pH values, 
BH2 (dotted linc) is present in high concentrations. When the pK, = pH (3.13), BH2 is 50% dissociated. 
At a pH about 2 units away from this point (5.13), [BH] is nearly 0. Considering next BH (solid line), it 
begins to appear as BH2 disappears, such that the sum of fga: + fan always equals 1. At pH = 8.02, BH is 
50% dissociated. and at pH = 10.2, it its concentration is nearly 0. Finally, considering В (colored line), it 
is the product of dissociation of BH, and is present at 50% concentration at pH = 8.02. At pH = 10, it is 
present at nearly 100%. 


(b)  AtapH of about 5.5 f5,, will be at a maximum while /анг + fa are at minimums, as shown (b) in Fig. 
SG3.1. 


(c)  Inthe bloodstream, pH = 7.4 (sce problem 3.21), the major species present would be BH. as shown (c) in 
Fig. SG 3.1. 
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Napa 


(b) f, at 
maximum; fas fa 
at minimums 


pH = 8.02 


i 


1.0 
0.9 
0.8 
1 
t 0.7 
5 : 
# 06 i 
a 1 
© 0.5 [----------E--------------.--------- МОЕ ПН БЕ БИА Е 
= Н 
5 04 ! 
А an acid is : 
S o3 half dissociated i 
nce at pH = pK, i 
i 


(c) at blood 
pH = 74, the 
major species 
present is BH 


Figure SG3.1 Plot of percent concentrations of various ionic forms of nicotine at various pH vaules to 
accompany the solution to Problem 3.23. Ihe dashed curve represents BH2, the solid black line BH, and the 
colored line B. 


(a) Use Eq. 3.35 on text p. 110 with 2.387 = 5.71 KJ mol”! at 298 К: 
Ka = 1037146557! = 362 
(b) Før this calculation use Eq. 3.35 on text p. 110. 
AG? = -2.30RT log Ke = ~5.71 log(305) kJ mol! = -5.71(2.48) kJ mol! = -14.2 kJ mol! 
In this Solutions Manual. kJ mol ' is used as the unit of energy. If you wish to convert kJ mol”! 


| c» to kcal mol, simply divide by 4.184 kJ kcal" '. Also, it is helpful to remember that 2.30AT at 
298 К (25 °C) is 5.71 kJ mol '. 


(a)  Tocomplete this calculation, first calculate the equilibrium constant. and then use it to do a mass-action 
calculation. 


Ka E 1074€ WRT = 101233v571 = 10° 513 _. 126 


Make a table of concentrations for the three species in the equilibrium: 
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(b) 
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A B C 
Initially 0.1 0.2 0 
Change: -xX =x +X 
At equilibrium: 01—х 0.2-х x 


The equilibrium constant can then be written as 


Se ee | 
9 JANBL (0.1-xX0.2-x) — 


from which is obtained the quadratic expression 
x^ -0.607x +0.02 =0 
The quadratic formula gives 


0.607 40.368 – 0.080 
х= on + a 


= 0.3032 0.268 
Only x = 0.035 M is physically meaningful, because the alternate value, 0.571 M. is larger than the 
starting values of the reagents. Choose the physically meaningful value of x to obtain 

[C] = 0.035 M, [B] = 0.2 - x = 0.165 M. and [A] = 0.1 — x = 0.065 M. 


If the AG? is positive, the equilibrium constant is less than unity and the reaction is less favorable; 
consequently, there should be much less C and more A and B at equilibrium, 


= 0.1939. The concentration of C is 10% of that in part (a), a result consistent with the 


| An actual calculation shows that [С] = 0.0061. Then [А] = 0.1 - x = 0.0939 M. and [B] = 0.2 – х 


(a) 


(b) 


(a) 
(b) 


(a) 


мо pari al 


statement in part (b). 
5.71 


Let reaction (2) have the higher standard free energy. The answer then follows from the following 
equation: 


A 33- AG; 1 
2.3RT 5.71 


o K, 
AG,- AG? =l = -2.3RT log E. or- 


K 
= -0.18 = log —- 
А K 


! 
or 


K K 
— = 10918 20.66 or — = 1.52 
K K 


1 т 


The ammonium ion, “NH. is the more acidic species. You can verify that this is so in Table 3.1, text p. 
102. This is a manifestation of the charge effect. 
The more acidic species is CH;—*SH3, 


The element effect gives the acidity ranking B » A » D. The charge effect makes C the least acidic. The 
reason that В is more acidic than A is that HF is more acidic than CH,SH. (Table 3.1, text p. 102.) The 
charge cffect should make both more acidic, and we assume that it should not change their relative order. 
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3.30 


3.31 


3:32 


` n Note that increasing acidities is the same as decreasing pK, values. 
\ LJ 
м 


(b ^ Compound A is much more basic than compound В (charge effect). Ву the element effect, C is much 
more basic than A: this follows from the fact that if we rank their conjugate acids. the conjugate acid of 
C. ammonia, is less acidic than the conjugate acid of A, CH,OH. Note that a comparison of A and В 
brings into play the amphoterism of methanol: like water, it can act as both an acid and a base in different 
reactions. 


A negatively charged atom is more basic than the same neutral atom. This can be understood on 

c» the basis of the charge effect for positively charged atoms by taking into account the 
relationships of conjugate acids and bases. By the charge effect, an acidic proton on a positively 
charged atom is more acidic than an acidic proton on the same neutral atom. It follows, then. 
that the neutral conjugate base of the positively charged acid is less basic than the negatively 
charged conjugate base of the neutral acid. 


In each set. label the compounds fram left to right as A. B. and C. 


(a) The order of acidities is C < B <А; hence, the order of pK, values is C > B > A. The element effect 
differentiates A and B. and the polar effect differentiates B and C. 

(b)  Theorder of pK, values is B (least acidic) » A » C (most acidic). The acidity of compound A, relative to 
compound B. is increased by the polar effect of one methoxy (—OCH,) group. The acidity of compound 
C is increased by the polar effect of two methoxy groups. 

(c) Ais more acidic than C because of the charge effect. (Notice that compound С is amphoteric—that is, it 
can act as both an acid and а base. А is the conjugate acid of C.) Compound В is the most acidic because 
of the polar effect of the —Cl. The order of pK, values, then. is C > A > В: the order of increasing acidity 
isC<A<B 


(a) From Eq. 3.42a. text p. 115. AG, = 2.3R7(pK,) = (5.71)(2.66) = 15.2 kJ mol”. 
(b) | AG, = 2.3R7(pK,) =(5.71)(4.76) = 27.2 kJ mol. More energy is required to ionize the less acidic 
compound. 


To say that acetic acid is weaker than fluoroacetic acid means that the conjugate base of acctic acid is less stable 
relative to the un-ionized acid than the conjugate base of fluoroacetic acid is to its un-ionized acid (Fig. 3.3). 
"Less stable" means that more free energy is required to convert the weaker acid into its conjugate base, and 
this reduced stability is reflected in the larger standard free energy of ionization for acetic acid. Just as it takes 
more work to climb a larger hill than it does to climb a smaller hill, it takes more "chemical work" (free energy) 
to form a more energetic species than to form a less energetic one. 


Solutions to Additional Problems 


(a) The carbon of this ion is electron-dcficient because it has a sextet of electrons. 
(b) Every atom has an octet; therefore, this is not an electron-deficient compound. 
(c) | Every atom has an octet; therefore, this is not an electron-deficient compound. 
(d) Тһе boron is electron-deficient because it has a sextet of electrons. 

(c) X The nitrogen is electron-deficient because it has a sextet of electrons. 


« Electron deficiency can occur without positive charge. as parts (d) and (e) demonstrate. 


y 


The general approach is to allow a nucleophile to react with an electron-deficient atom; then complete the 
resulting formal charges. 
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7 
HC—D—cH, "Br, —e нс—@-—сн 


(b) 
CH, сњ 
нб—@—Сн, 20: — 9 H,C—C—CH, 
MER. | 
iC 
(c) 
CH; 
a + 
Ww `e HO: 
HQ — CH; — CH; — CH; — CH— CH; or 


Don't forget that carbon chains are flexible and can undergo internal rotations. Groups that 

c» appear far apart in structures that are drawn linearly can in many cases be brought into 
proximity by internal rotations. If this idea is not clear. construct a model for this case. and 
convince yourself that the — OH group can casily be brought within bonding distance of the 
positively charged carbon. 


(d) 
£g xu - * 
(CH,);8 :C=6: —> (CH,),B—C=0: 


(e) We use the electron pair on the atom that has the complete octet. Even though the carbon of the :CH; 
contains an electron pair. this carbon is clectron-deficient. 


CH; H 
— ert Г 
CH4NH; EA — нус: 
H H 
3.34 (a) 
conjugate 
j acid-base pair i 
? j ! :0: { 
| es os 
H,C — wt Eur E OH —» Н,С— —C— 0:- H,0: 
conjugate 
base-acid pair 
ibi 
conjugate 
acid-base pair 
:0: :0: 
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(c) 
conjugate 
acid-base pair 
НС 2" HaC 
ze N t \ T 
C- CH, H—OH, —- ү —CH, + нб 
НС HC 
conjugate 
base-acid pair 
(d) 
conjugate 
acid-base pair 
PF Sees А 
O—H 20: (0) H—O 
/ N / N 
0—C | с=о —> 0=C | C—0 
N / N / 
CH — CH;— CH; gH — CH; — CH; 
HC НС 


3:35 (a) Step 1 1 (4)—a Bronsted acid-base reaction. Since every Bronsted acid-base reaction is a type of 
electron-pair displacement reaction, Step / is also such a reaction (3). Step 2 is (2)—a Lewis acid-base 
dissociation reaction. Step 3 is (4)—a Bronsted acid-base reaction—and (3)—an electron-pair 
displacement reaction. 

(b) In Step 1. species B and D constitute a conjugate acid-base pair; and species A and C constitute a 
conjugate base-acid pair. In Step 3. species E and Н constitute a conjugate acid-base pair. and species С 
and / constitute a conjugate base—acid pair. 

(c) Іо (Һе forward direction of Step /, A (specifically the oxygen) is a Brensted base: the transferred proton 
of В is an electrophile, and the OH; group of B is a leaving group (which becomes a water molecule D). 
In the forward direction of Step 2. the OH; group of C is a leaving group and, because it is accepting a 
pair of electrons. a Lewis acid. In Step 3. the water molecule G is a Bronsted base; the transferred proton 
of E is an electrophile; and the part of E other than the transferred proton is a leaving group. 

(d) Тһе curved-arrow nolation, along with a summary of part (c), follows. This is for the forward direction 
only. as requested in the problem. 


Step 1: 
Lewis base and 
Bronsted base electrophile 
cH, | | CH; 
uU та A + LU 
н Жш H — OH; > H,C—C — 0H; + H20 
| 
CH, B | CH; D 
4 L 


leaving group 
(also Lewis acid) 
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Step 2: 
leaving group 
(and Lewis acid) 
IY T^ А 
H;C— € — 0H; E iai j + OH, 
CH, CH, Е 
C E 
Step 3: 
electrophilc 
Lewis base 
, (and Bronsted base) 
leaving group 
(and Lewis acid) / H2C—H / Сн; 
[D ) Í : 
60 —C* OH; «=> po * H— OH; 
H.C CH, 
CH; G H 1 


E (redrawn) 


As in Problem 3.35, every reaction that involves the donation or acceptance of electron pairs. and therefore 
every reaction in this problem, is (1)—a Lewis acid-base reaction. 


(a) Іп general. if a reaction in one direction is a Bronsted acid-base reaction. it is also a Bronsted acid-base 
reaction in the reverse direction. Therefore. Sreps / and 3 are (4) —Вгип<іса acid-base reactions—and 
(4)—electron-pair displacement reactions. 

(b) Тһе conjugate acid base relationship is unchanged by the direction of the reaction. The answer is the 
same as for Problem 3.35(b). 

(c) See the equations in part (d). 

(d) Тһе curved-arrow notation and the labeling of the various species: 


Step 1: 
leaving group . 
(also Lewis acid) Lewis hase and 
' Bronsted base 
CH; сні 
s + .. m 
HC—C—0H + H—0H, z— H,C—C—O-H ӧн 
ve 
CH; B CH; H D 
^ electrophile 
A í 
Step 2: 
Lewis acid Lewis base 
and clectrophilc and nucleophile 
CH; CH; 
| * £y» 
n E OH, -> HC — Ct OH; 
CH, Hà F 
G E 
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Step 3: 
Lewis base | 
(and Bransted base) electrophile 
H;C—H b | A^ „/ leaving group 
m [o 47 (and Lewis acid) 
HC—C* - OH => С. H—OH, 
1 
3 H 
E (redrawn) 
3.37 (a) The resonance structures of protonated acetic acid: 
[6H :ӦН он 
/ / // 
HiC—C >> HiC—C H;C—Ci+ 
a % N 
—:0H "EM OH 
conjugate acid of acctic acid hybrid structure 


(b) Interconversion of the resonance structures of carbon monoxide with the curved-arrow notation: 


[ В f 
:C=0: -—— :С==0: 


Because the carbon in the structure on the left has a sextet of electrons, it can accept another electron 
pair. 
3.38 (а) The structure of the № cation: 
N Ne 
SS Ё 
W ^. 
N 


This structure is trigonal planar at the central nitrogen and therefore bent. The other two nonterminal 
nitrogens and one of the terminal nitrogens are bound to two groups. and thus have linear geometry. 
Although the other terminal nitrogen is surrounded by three "groups"—a nitrogen and two electron 
pairs—this has no effect on the shape. 


(b) Resonance structures of the N,* cation: 


N Ne. N N Е" N 
N t + ^) CN Ф + 4 Ne + A 
ч. ^ 4—— 5 N M > Ne P. 
NS Chi NN 
3.39 (a) Resonance structures of ozone: 
- Л 9% ^ 


& | 5 
hybrid structure 
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(b) Тһе resonance structures of the carbonate ion are shown in Problem 1.32, text p. 42. The solution to that 
problem discusses the sipnificance of these structures. The hybrid structure: 
0 


10: 
А 
^ d 
hybrid structure of the carbonate ion 


(c) Resonance structures of protonated formaldehyde: 


f^ 
| + * & LI 
HC — 0H 4— НС —ÖH НС = OH 
- 2 hybrid structure 
(a) (c) 
CH; ur MgBr 
Heme + =н H,C—C—CH, 
CH, н 
(b) (d) 
:0: 


NT a 5 
H4C— C— МН, + :ОСн, H3C—CH— CH — 0 + F—Si(CH4; 


Remember that an arrow must originate at a source of electrons—a bond or an electron pair. 
(a) 
10:* ae 
ЗО ла | 
НС — CH, :СМ ——® СН; — CH; — CN 
23027. 


(b) 

f нс — CH; 
реон ug —- Ma + ed 
e. a _ т. .. 

(с) 
20: :0:- 


~ 


"^ ™ э” \ | .. | " 
(снн — Hic cH - C — бсн, —» (CH NH— CH; — CH — C — OCH, 
(d) 


be) cn, Ze [47 -— :Br: + Н;С==СН, + ӧ=с=ӧ 


(a) Тһе OCH; base could react at the carbon to expel SH. or it could react at the proton to expel CH,S . 
The latter reaction is the Bronsted acid-base reaction, which is faster. 
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(b) 


(c) 


(d) 


(b) 


3.44 (a) 


AN ANa - s 
CH,S—H — :QCH, — CH, + H—QCH, 
The reaction is a Lewis acid—base association. 


:0: “AICI, :0—AICI, 


HC “Сну нс “Сн, 


The reaction is a Lewis acid-base association. 
(m —»[ 19—86, 


The reaction is a Bronsted acid-base reaction with a proton: 
HO: ^H Ih CH;CH, — HO—H + NH)—CH,CH; 


Species A is a Bronsted base and nucleophile. The oxygen is the nucleophilic center. Proton B is an 
electrophilic center. Carbon C serves as a leaving group from the proton В. Carbon D is an electrophile. 
Species E is a leaving group. 

D 


cibo acis d А, — CHO—H + CH=CH, + Ër: 


| | Ph 5 с | Ph 


Species A is a nucleophile and a Bransted hase. Carbon R is an electrophilic center. The electrons 
between carbons B and C are a leaving group towards carbon B but also a nucleophile towards carbon D. 
Carbon D is an electrophilic center. The electrons between carbon D and oxygen E serve as a leaving 
group. When atoms in double or triple bonds serve as leaving groups. one bond remains intact, so that the 
leaving group doesn't actually "leave," but remains tethered within the same molecule. This is the case 
with atoms C and E. 


E 


:0: : 
" > " | 
CHER RE CH сн, —_ CH,S—CH,—CH=C—CH, 


ro ot tt 


A С D 


The curved arrow is going in the wrong direction: it should go from the electrons on the OH to the 
hydrogen of the carboxylic acid: 


HOP 20: 
П. г | э -4 
нс—С—0 —H :OH — НС —C— 0:7 + H— OH 


s. 
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The onc curved arrow is shown correctly, but а second one is needed. Otherwisc, carbon would have five 
bonds in the product, and this situation would violate the octet rule. 


HC—0: H,C—Br: ——» H,C—O—CH, + :Br: 


The resonance structures of naphthalene: 


(a) 


(b) 


BO - 38 7 OD 


naphthalene 


For purposes of this solution let 2,2-dimethylpropane = D and pentane = P. Then, for the hypothetical 
reaction Р @=* D, we define the equilibrium constant Кш = | D|/[P], and the standard free energy change 
AG? is therefore G^(D) – G°(P) = —6.86 kJ mol`’. Using Eq. 3.36b on text p. 107xr. 


Kno eq" ЮР) 
Taking the total hydrocarbon as 1.00. and noting from above that [D] = 15.9[P]. 
1.00 = 101+ [P] = 1S.9[P] + (P] = 16.9[P] 
or [Р | 1.00/16.9 = 0.0592 
апа [D] 1.00 — 0.0592 = 0.941 


Consequently. at equilibrium the mixture contains 5.9% P and 94.1% D. Compound D is present in 
greater amount because it is more stable. 


Let Кы, be the ratio [anti] gauche]: then АС° for gauche = anti is 2.8 kJ mol”. (Because gauche has 
higher energy than anti, AG? is negative.) Then use Eq. 3.36b in the text. 
K 


ex 


= 10-50°23#Т 10-62 8571. 19049 5 5 | 


This is the ratio of the anti conformation to any one gauche conformation (remember that in total. there 
are two gauche conformations and one anti conformation). Taking the total fraction of butane as 1.0, and 
noting from above that [anti] = 3.1[gauche]. 


1.0 = [anti] + 2[gauche| = 3.1|gauche] + 2[ gauche] = 5.1 [gauche] 
or [gauche] = 1.0/5.1 = 0.20 


Consequently, the total fraction of gauche conformations is 2 x 0.20 = 0.40 (that is, about 40% gauche 
conformations); and the total fraction of anti conformation is 1.0 — 0.40 = 0.60 (that is, about 60% anti 
conformation) in a sample of butane. 


To arrange in order of decreasing pK, means to arrange in order of increasing acidity. 


(a) 


(b) 


(c) 


СН.СН,ОН is less acidic than СІСН-СН,ОН, which is less acidic than CLCHCH OH. Chlorine 
substituents increase acidity because of their electron- withdrawing polar effect; the more chlorines there 
are, the greater the effect. 

Because of the element effect, both thiols (the compounds with —SH groups) are more acidic than 
ethanol (CH 4CH;OH). The compound СІСН,СН,ЅН is the more acidic of the two thiols because of the 
polar effect of the chlorine substituent. 

The element effect operating from top to bottom of a column of the periodic table predicts that 
H—N(CH ;); should be less acidic than H—P(CH 3)», which should be less acidic than H—ASs(CH);. 
Notice that these acidities refer to the reaction in which the neutral molecules lose a proton to give the 
anionic conjugate bases (M = N. P. or As): 
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(d) 


H—M(CH;), + Баѕег ==> :M(CHj; + base—H 


* 
The acidity of H-As(CH;)» refers to the reaction in which this positively charged species loses a proton 
m ^ 
to give the neutral conjugate base HAs(CH,).. The cationic acid H,As(CH) is much more acidic than 


the neutral acid НАУСН») because of the charge effect. 

CH4iCH;OH is less acidic than (CH;)2.NCH2CH;OH because of the polar effect of the electronegative 
nitrogen substituent. In the last compound. not only is the polar effect of the nitrogen present, but also а 
positive charge, which can stabilize the conjugate-base anion (charge effect). Furthermore, the 
positively-charged nitrogen is closer to the —OH group. Consequently. (CH ,);N*—0OH is the most 
acidic of the three compounds and it is thus the strongest acid of all. 


In each part, we apply Eq. 3.26b on text p. 104 and the procedure used in Study Problem 3.6. 


(a) 


(b) 


The information needed is the pK, of H—CN, the acid on the left side of the equation. From Table 3.1 

(text p. 102). the pK, of H—CN is 9.40. The equilibrium favors the side with the weaker acid. namely the 

right side, but by very little, because the pK, values of the two acids are similar. Applying Eq. 3.26b. 
Kajs 10? 76 - 94).. 10:236 =2 


Again we apply text Eq. 3.26b with pK, = 15.7 for Н.О. 
Ко = 1097-195 = 1952 = 1.58 x 10° 


constants (К). These equilibrium constants use dissociation constants in their calculation. hut 


МИ Don't confuse equilibrium constants (Кш) for the reactions of acids and bases with dissociation 


(a) 


(b) 


(c) 


(a) 


(b) 


(c) 


are not themselves dissociation constants. Similarly. log Кш is related to the pK, values of the 
two acid—basc systems involves. but is not itself a pK,. 


Apply Eq. 3.35 (text p. 110) using the K,, from the solution to Problem 3.48(a). 
АС° = -2.3RT log Кы, = -5.71 log (2.3) = -2.1 kJ mol! 
Use the same procedure as in part (a). 
АС° = -23RT log Кы, = (-5.71)(5.2) = -29.7 kJ mol! 
If the equilibrium concentrations of (CH,)3N and HCN are both x. then the equilibrium concentrations of 


(CH4),N*H and CN are both (0.1 — x). Substituting these values into the equilibrium expression, 


к. 223 СНз НІССМ (01-х)? 
" I(CH,),NIIHCN] P 
This leads to the quadratic expression x^ + 0.154x — 0.00769 = 0. which is solved to give x = 0.0397 M. 


Thus, at equilibrium, the concentrations of the species on the left side of the equation are both 0.0397 M, 
and the concentrations of the species on the right side are both 0.1000 — 0.0397 = 0.0603 M. 


By Eq. 3.42a, text p. 115. the compound with the smaller pK, has the smaller standard free energy of 
dissociation AG,°. Consequently, phenylacetic acid has the smaller АС,°. 

The problem is asking for the standard free energy of dissociation AG,°. Use Eq. 3.42a in the text. 
(Assume 25 °С or 298 К.) 


AG,” = 2.3RT(pK,) = 5.71(4.31) = 24.6 kJ mol! 
The fraction ionized (or, dissociated) is fa and can be found by Eq. 3.31a (text p. 107). 


faz V + 104) = 1/0 + 101557?» = 0.910 


Consequently, 91% of phenylacetic acid is dissociated (ionized) at pH = 4.5. 


3.51 


(d) 


(e) 


(a) 


(b) 


(c) 


(d) 


(e) 
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Phenylacetic acid should be more dissociated because it is the stronger acid (it has a lower pK). To be 
sure, use the same procedure as in part (c) to figure out f4 for acetic acid. 


fas V + 107) = 1/0 1075) = 0.355 


So at pH = 4.5. phenylacetic acid is 91% ionized (part (c)) and acetic acid is only about 36% ionized. 
Phenylacetic acid has a lower pK, than acetic acid. Hence, the phenyl substituent is acid-strengthening: it 
stabilizes the conjugate-base anion in the same sense thal a chlorine does. Consequently. its polar effect. 
like that of a chlorine, is evidently electron-withdrawing. 


For the first ionization (pK, = 2.86). either of the two equivalent carboxylic acid groups can ionize: 


RE с 
| е 
HO—C—CH,—C—OH + но ==> HO—C—CH,—C—O + H,0° 


For the second ionization ;pK, = 5.70), the remaining carboxylic acid group ionizes: 


О ie 


AEN 
| IN а. 
HO—C—CH,—C—O + HO =Œ “o—C—cH,—C—O + H,0° 


Use a strategy similar to that used to solve Prablem 3.23 and sketch a plot similar to Fig. SG3.1. At low 
pH, when protons are abundant, both carhoxylic acid groups will be protonated (undissociated), or AH; 
is present at nearly 100%. As the pH increases. AH; decreases and AH increases until the curves meet at 
pH = 2.86 (50/50 AH,/AH ). At pH = 4.86. 2 pH units above the first рќ,. AH _ is present at 
approximately 100%. Approaching the pH equal to the second pX,. 5.70. АН decreases and А? 
increases. At pH = 5.70. [А | = [А` |. Therefore, the ionization state at pH = 4.3, above the рК. of AH; 
and below the pK, of АН, is essentially all АН with only a few percent or less of AH; and the same few 
percent of A’, 


More precisely. you can use the instructions for creating an excel spreadsheet described in section 3.4F 
(text p. 105) to construct a curve depicting the amounts of each species present at various pH values. 


As reasoned in part (Б). at pH = 4.3. malonic acid is essentially in the АН form. or in other words, one 
ot its carboxylic acid groups has been completely ionized. That means, that it takes 1 mole of sodium 
hydroxide per mole of malonic acid to get to this pH. 


The first pK, is lower than that of acetic acid because, in the product of the first ionization, the clectron- 
withdrawing polar effect of the un-ionized carboxylic acid group stabilizes the conjugate-base anion on 
the other. (The two electronegative oxygens are responsible for the polar effect of the carboxylic acid 
group.) The second pX, is greater than that of acetic acid because one negative charge in the dianionic 
product of the second ionization interacts unfavorably (repulsively) with the second negative charge, and 
the energy of the dianion is thereby raised. (See Fig. 3.3, text p. 116.) 

As n becomes larger, the polar groups become more remote. Hence. both polar effects discussed in part 
(d) become less significant. and both pK, values approach that of acetic acid; that is, the pK, values of the 
two ionizations become morc similar. (In terms of the hint, as r in the denominator of the electrostatic 
law (Eq. 3.44, text p. 117) becomes larger, the energy of interaction of one charge with another becomes 
smaller.) 
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Even if n is very large. the two pK, values are not exactly equal. Theoretically, the first pK, 
should be 0.6 smaller than the second pK, (that is. the first A, should be 4 times larger than the 
second K,). The reason is that either of wo equivalent acidic hydrogens can undergo the first 
ionization, but only one can undergo the second; this means that the first ionization is twice as 
probable statistically. Furthermore, either of two equivalent carboxylate ions can be protonated 
in the conjugate base of the monoacid, but only one is available in the conjugate base of the 
diacid. Thus, protonation of the dianion is twice as probable as protonation of the monoanion, 
which means that the second ionization is half as probable as the first — or again, that the first 
ionization is twice as probable as the second. Both of these factors multiply: thus. the first 
ionization is four times as likely as the second on purely statistical grounds: log (4) = 0.6. 


(a) _ Protons with pK, values morc than about 2 units below the pH arc completely dissociated, end those with 
pK, values more than about 2 units above the pH are completely associated. So at pH = 7.4, ascorbic acid 
has a net -1 charge. 


(b) 


The polar effect, governed by the electrostatic law (Eq. 3.44, text p. 117). dictates that two like charges in close 
proximity destabilize a molecule. The BH2 form of nicotine is a dication. so it is much less stable (һап the 
conjugate acid of 3-methylpyridine, which has only one positive charge. By destabilizing the molecule. it is 
more reactive, and that proton is more acidic, as shown in the free energy diagram in Fig. 563.2. 


The primary effect of a polar substituent is on the stability of a charged species. The charged species in these 
equilibria are the cations. The question then becomes. how does a fluorine substituent affect the stability of a 
cation? As Eq. 3.44 (text p. 117) shows, the polar effect of the fluorine stabilizes negative charge; however. it 
destabilizes positive charge because the positive ends of the C—F dipoles interact repulsively with the positive 
charge of the cation. as shown by the following diagram: 


repulsive interaction 


4 \ CH. 


€ / 
жж 


Consequently. the cation praduct of the second equilibrium is destabilized relative to the neutral starting 
material. This situation is depicted in Fig. SG3.2. Because this cation has a higher energy, the energy required 
to form it is larger, and the equilibrium constant for its formation is smaller. In other words, Eq. (1) has the 
equilibrium constant most favorable to the right. 
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CH; 


FC—C* + 2H,0—- ;--- 
CH | cation destabilization 
| 3 CH, by the fluorine substituents 
Hic—¢* + 2H,0 ——————————————— or — 
CH; AG? = -2.3RT log К, 


AG? = -2.3RT log Keg 


eh CH; 

HC—C—0H + ЊО” == сосу: + НО". == 
l 
CH, CH; 
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Figure SG3.2 Free-energy diagram to accompany the solution to Problem 3.54. The polar effect of the 
fluctine substituents raises the energy of the cation and therefore reduces the equilibrium constant for its 
formation. (The two alcohols, which are uncharged, are arbitrarily placed at the same energy for comparison 
purposes.) 


According to text Fig. 3.3 (text p. 116). selective destabilization of the conjugate acid form of an acid-base pair 
raises the energy of the acidic form relative to its conjugate base and reduces its pK, 

Now let's apply this reasoning to the specific example in the problem. This analysis is similar to the one 
used in the solution to Problem 3.54. First. assume that the chlorine affects the stability of the charged species, 
which in this case is the conjugate acid: 


bond dipole of the C—CI bond 
interacts repulsively with the 
positive charge 


+ —+ 4 
CI — CH;CH;— NH, 


The repulsive interaction between the positive charge and the positive end of the C—CI bond dipole selectively 
raises the energy of the conjugate acid. This should reduce the pK, of the conjugate acid of A relative to the pK, 
of the conjugate acid of B. This is shown diagrammatically in Fig SG3.3. This means that B is the more basic of 
the two conjugate bases. The actual data bear out this prediction: chlorine substitution reduces the pK, of 
ethylammonium ion hy almost two units: 


CI — CH;CH; — NH; CH4CH; — NH; 
2-chloroethylammonium ion ethylammonium ion 
conjugate acid of 4 conjugate acid of В 
pK, = 8.8 pK, = 10.6 
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С! —CH;CH; — NH; — 


CH4CH; — NH; c— 


t HO. * н;О* 
с] 
E AG? = -2.3RNpK,) 
ш AG? = —2.3ЁТ\рК,) 
с 
B (| | асн 
- | deiin 
- [C ———MÀM—— áÀÓÉ by the 


chlorine substituent 


Figure SG3.3 The effect of chlorine substitution on the energy and pK, of the conjugate acid of ethylamine 
to accompany the solution to Problem 3.55. Note that by raising the energy of the conjugate acid, chlorine 
substitution reduces the pK; (The two conjugate bases, which are uncharged, are arbitrarily placed at the 
same energy for comparison purposes.) 


The equilibrium constant K,, for the reaction of Eq. 3.25. text p. 104xr. is given by 
_ IBHIA"] 
^ [AHI[B | 


Following the hint. first show that this equals KAj/Kgy. We do that by applying the definition of Kay and Kpn- 


[A I[H,O*] IBH] — IBHIA' | y 


Kan! Kou =a ОиВ) IAHIB ] ^^ 


or 
Key = Kan Kgn 
Then take logarithms of both sides of this equation and apply the definition of pK;: 
log Ka = log Кан – log Квн = рКвн – PK an 


Taking antilogs of both sides proves the assertion: 


105054). e 210 P5 PK yy) 
eq 


The AG‘ for the reaction is found by taking the logarithm of the equilibrium constant and multiplying it by 
–2.3КТ. From the solution to Problem 3.56. 


AGE, = -2.3RT log К, = -2.3RT( pK pu - PK ay) = АС? au- АС° вн 


(a) Both Hl and НСІ are much stronger acids than H,O*. Consequently, the following equilibrium lies well 
to the right for both X = Cl and X = 1: 


HX + HO а= H,0° + X^ 
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Because the major acidic species in solution in each case is H3O*. and 10™ M of this species is present in 
each case, both solutions have the same pH value of 3. 


The most acidic species that can exist in a solvent is the conjugate acid of the solvent: in water. 

=> this is H;O*, Likewise, the most basic species that can exist in a solvent is the conjugate base of 
the solvent: in water this is OH. Because acids or bases stronger than the solvent react to give 
the conjugate acid or base of the solvent. respectively, their greater acidity or basicity is not 
reflected in the pH of the resulting solution. This effect is sometimes termed the leveling effect 
of solvent. 


(b) The amide ion is strong enough to react completely with water, and this reaction results in a 10 M 
solution of hydroxide ion—that is, a solution pH = 11. This is identical to the solution made from 107? M 
hydroxide itself, except for the ammonia by-product. which reacts only slightly with water. 


The first step in the reaction is shown below: 
H H 


| OTT m / D 
H—B-H H—0H —» ime" + H—H + 10H 


The second step involves donation of an electron pair from the nucleophile and Lewis base “OH to the electron- 
deficient electrophile and Lewis acid BH: 


To solve the various parts of this problem, recognize that astatine, At, is a halogen that is below iodine on the 
periodic table. and apply trends in the periodic table. 


(a) Because bond dissociation energy decreases down a column of the periodic table. the H—At bond should 
be weaker than the Н—1 bond. The bond dissociation energy of Н— А! is smaller. 

(b) Because electron affinities decrease down a column of the periodic table, the electron affinity of At 
should be smaller than that of I. 

(c) Because dissociation energies dominate the dissociation constant within a column of the periodic table. 
H—At should be a stronger acid than H—I. 
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Structure and Reactivity 


STUDY GUIDE LINKS 


LT 4.1 Different Ways to Draw the Same Structure 


The discussion in the text requires you to rcalize that there are several different ways ta draw the 
same alkene stereoisomer. For example. two equivalent ways to represent eis-2-hutene. are the 
following: 


HC єн, E E 


H H HC CH; 
two ways of drawing cis-2- bitene 


If this is not clear. think of the structure as an object. Rotate the structure 180° about a horizontal 
axis through the С==С bond. as follows: 


HC CH; i H H 


H H HC CH, 


When we perform such a rotation. the atom labels. for example. СН. are maintained “right side 
ир”: that is, they are not inverted. 
Similarly. two equivalent ways of drawing trans-2-butene are as follows: 


HC H H CH, 


н ‘CH, HC H 


different ways of drawing trans-2-butene 


Their equivalence can be demonstrated by a 180° rotation about a vertical axis. 
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HC н H CH; 
tr t-c 
=C => с=с 
rar et de s 
H CH; HC H 


The two structures in text Eq. 4.4 (Study Problem 4.1, text p. 133) are examples of identical 
structures drawn differently. Some students think that structures such as these are stereoisomers. 
but in fact they represent the same molecule. As these structures demonstrate. the ultimate test of 
identity of two structures is their congruence—the superimposability of cach atom of one structure 
and an identical atom of the other. 


4.2 Drawing Structures from Names 


When asked to draw a complicated structure from a name. as in Problem 4.6(b). you should 
always strive to be systematic. The natural tendency is to try to write the finished structure 
immediately. Instead, you should take it one step at a time: 


|. Write the carbon skeleton of the principal chain; do not be concerned with stereochemistry. 

2. Add the substituents to the principal chain. 

3. Add the hydrogens. 

4. Decide on relalive group priorities at the double bonds to which an E or Z configuration must 
be assigned. Write them on your structure. 

Redraw your structure with proper stereochemistry. It helps to maintain proper 120° bond 
angles at the double bonds. 


їл 


Let's illustrate with an example. Suppose you are asked to draw the structure of (2£,4Z)-3- 
isobutyl-2,4-hexadiene. Follow the above steps in order. 


1. The principal chain contains six carbons with double honds at carbons 2 and 4: 
с—с=С—-С=сС—С 


2. There is an isobutyl group at carbon 3. Add the hydrogens within this group. since you won't 
have to manipulate this group further. 


C—C—C—C-—C—C 
| 
CH;CH(CH3); 
isobuty! group 
3. Rewrite, adding the missing hydrogens. 
HC — CH —C — CH=CH— CH; 


| 
CH;CH(CH;); 


4. Indicate the relative priorities of the groups at each double bond. For example. focusing on the 
C2-C3 double bond (carbons in boldface below). the relative priorities of the attached groups 
are as follows: 
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higher priority 
lower priority at carbon-3 


at carbon-2 


higher priori L. нс. CH. C CH— CH—CH, 
I 


at carbon-2 
i lower priority 
СнСнСну, | at carbon-3 


(You should complete the priorities for the C4-C5 double bond.) 


5. Redraw the structure with proper stercochemistry. 


HC CH,CH(CH;), 
C=C CH; 
A N 
H с=с 
/ N 
H H 


(2E.AZ)-3-isabutvl-2.4-hexadiene 


You should work Prohlem 4.6(b) using this step-hy-step procedure. 

In many cases, it is casier to work a complicated problem if it can be broken into smaller 
"chunks." When you learn to bypass the anxiety created by a complex problem and adopt this 
approach. you have made significant progress toward becoming a good problem solver. 


Qr 4.3 Solving Structure Problems 


А number af prohlems ask you to deduce structures that are initially unknown by piecing together 
chemical data. Problems 4.53 and 4.54 (text p. 178) are of this type. This study guide link illus- 
trates a systematic approach to this type of problem by beginning the solution to Problem 4.53. 


1. If the formulas of any of the unknowns are given. deduce all the information you can from the 
formulas. Begin with the unsaturation numbers (Sec. 4.3. text p. 144). 


In Problem 4.53, compound X has an unsaturation number U = 2, and compound Y has U = 1. 
This means that X has one ring and one double bond, or two double bonds. (ft has to have at 
least one double bond. because it undergoes addition.) Compound Y results from addition of 
HBr. because the formula of Y is equal to that of X plus the elements of HBr. 


2. Write all the information in the problem in equation form. This process gives you the entire 
prohlem at a glance. 


" 
ж С-Н! 
U=2 


X е 
CH; CHBr 


1 d-dimethyleyclopentane І ® | 
Ue (a single compound) 


3. Wf there is a structure given explicitly anywhere in the problem, even at the end of the 
problem, deduce what you can from this structure. 


1.1-Dimethylcyclopentane is given explicitly in the problem as the catalytic hydrogenation 
product of X. Barring rearrangements. the structure provides the real key to solving the 
problem: it provides гле carbon skeleton of compound X. lt follows that one of the degrees of 
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the reaction. The quantity ZAS? is the amount of heat that would be produced when the reaction is 
harnessed with 100% efficiency to do work. 

We can interpret the entropy change in more useful and descriptive terms than simply a 
discrepancy between total energy and work. Entropy measures molecular randomness, or freedom 
of motion. For example, consider the following reaction: 


m — » H,C—CHCH;CH, 


I-butene 
cyclobutane 
The experimentally determined АН? for the reaction at 25 °C (or 298 К) is -26.53 kJ mol”! (-6.34 
kcal mol`’). and the AG" for the reaction at 25 °C is 40.13 kJ mol”! (-9.59 kcal mol). Solving 
Eq. FE4.1, TAS? at T = 298 К is 13.60 kJ mol ! (3.25 kcal mol !); that is, AS" is positive. А 
positive AS? means that there is more randomness or freedom of motion in the products than the 
reactants. 

What is it about 1-butene that is more "random" than cyclobutane? 1-Butene has two carbon- 
carbon single bonds. Internal rotation can occur readily about these bonds, just as in butane. 
However. in cyclohutane, internal rotations cannot occur because the various carbon atoms are 
constrained into a small ring. (If this is not clear to you. make a model of cyclobutane and 
convince yourself that internal rotation about its carbon-carbon bonds cannot occur.) Thus, there 
is greater freedom of motion in 1-butene than in cyclobutane. Because of the internal rotations in 
I -butenc. the hydrogens on the carbons connected by single bonds can move through a greater 
volume of space than the same hydrogens in cyclobutane. Thus, their positions are more random. 
Hence. the randomness—or entropy—in |-butene is greater than that in cyclobutane. 

Because of entropy—the “randomness factor^—the energy that controls the position of a 
chemical equilibrium (AG ) is different from the energy stored in chemical bonds (AH ). Eq. 
SG4.1 shows that an increase of randomness in a reaction—a positive AS — gives the product an 
additional advantage in a chemical equilibrium over and above that which results from the 
formation of more stable bonds. In terms of the heat-work interpretation, we can get more work 
from this reaction than is available from bond changes. because heat is absorbed from the 
surroundings that goes toward the incrcased randomness of the product. 


et ) 4.2 Sources of Heats of Formation 


Heats of formation are not obtained by direct measurement. Rather, they are calculated from more 
readily available data by applying Hess's law. Two types of data that are commonly used are heats 
of combustion and heats of hydrogenation. To illustrate, suppose that we want to calculate the heat 
of formation of trans-2-butene from the following known heats of combustion: hydrogen, —241.8 
kJ mol !; carbon. -393.5 kJ mol"! ; and rrars-2-hutene, -2530.0 kJ mal. The combustion reaction 
(Sec. 2.7) is the reaction of each species with oxygen to give water (in the combustion of 
hydrogen). carbon dioxide (in the combustion of carbon), and both water and carbon dioxide (in 
the combustion of hydrocarbons), 

Hess's law allows us to express the formation of trans-2-butene from its elements us the sum 
of three combustion reactions. Identical species on opposite sides of the equations cancel. and the 
resulting equations and their enthalpies are added algebraically: 


Equutions: AH? (kJ mol!) 
4H; + 20; — 4M0 4(-241.8) = -967.2 

4С +40, —~ 40, 4(-393.5) = -1574.0 

4CO, + 44.0 ——» 60, + trans-2-butene +25296 

Sum. 4C + 4H, ——* trans-2-butene АНХ = -11.6 KJ mol! 
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Because four moles of both H, and C are required, their respective enthalpies of combustion must 
be multiplied by 4. Note also that the combustion of trans-2-butene must be written in reverse so 
that the formation equation comes out with frans-2-butene on the right. Consequently, the sign of 
the enthalpy of this combustion is also reversed. 

As this example illustrates, heats of formation derived from combustion are in many cases 
small differences between large numbers and are therefore subject to considerable uncertainty. 
Another reaction that has been used for obtaining heats of formation is catalytic hydrogenation. |n 
this reaction, hydrogen is added to an alkene double bond in the presence of a catalyst (Sec. 4.9A). 
For trans-2-butene, this reaction is as follows: 


MC н 
$ = A + Н; ===——= CH4CH;CH;CH4 
H CH; butane 


frans-2-butene 


The overall AA? of this reaction can be measured with excellent precision, and is typically much 
smaller than a heat of combustion. (For example. the AH” of hydrogenation of trans-2-butene is 
-115.5 kJ mol !.) The heats of formation of simple alkanes are known with good precision. For 
example, the heat of formation of butane is —127.1 kJ mol !. The heat of formation of Н» is zero 
by definition. Hence. it is possible to calculate the heat of formation of the alkene (trv it!). See 
Problems 4.15 (text p. 149) and 4.17 (text p. 151) for calculations of heats of formation from 
combustion and hydrogenation data, respectively. 

Fortunately, calculations like these are not necessary every time a heat of formation is needed. 
because such calculations have already been done to provide the data available in standard tables 
of heats of formation. 


C543 Molecular Orbital Description of Hyperconjugation 


A molecular orbital treatment shows why hyperconjugation is a stabilizing effect. If you under- 
stand the molecular orbital treatment of 7 bonds (Sec. 4.1B. text pp. 128-130), you should have 
no difficulty with the treatment that follows. 

We'll use as cur starting orbitals the empty 2p orbital of the carbocation and the sp^-1s g- 
bond orbital of the adjacent C—H bond. Both orbitals contain a node. When the axes of the two 
orbitals are coplanar, they can overlap. as shown by the overlap lines in the following diagram. 
This overlap is hyperconjugation. 


hyperconjugative overlap 


C—H a bond 2p orbital 


hyperconjugative overlap 


To construct molecular orbitals from these two orbitals, imagine both bonding overlap and 
antibonding overlap. and construct an orbital interaction diagram as shown in Fig. FE4.3.1. 
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antibonding MO 
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bonding MO 


Figure FE4.1 An ortital interaction diagram showing a molecular-orbital interpretation of hyperconjugation. 
(The nodes are shown in the molecular orbitals only.) 


Two electrons must be distributed between the two molecular orbitals. With opposite spin, both of 
these electrons can be accommodated in the bonding molecular orbital, as shown in the figure. 
Because this orbital has a lower energy than the original o-bond orbital, molecular orbital 
formation (that is, hyperconjugation) lowers the energy of the system. 

It is not strictly correct to use a bond orbital as a starting orbital for this treatment, because a 
bond orbital is not a proper molecular orbital of the carbocation. In fact, a full-fledged molecular- 
orbital treatment of the rert-butyl cation would start with all the carbons and hydrogens in the 
proper geometry and allow all their valence orbitals to interact. Adopting such an approach gives a 
more rigorous and complete molecular orbital picture, but, as noted in Sec 1.9A on text pp. 35—36, 
discrete bonds disappear and the descriptive value of the treatment is diminished. However, in 
such a full-fledged molecular-orbital approach, the overlap described here can be discerned as a 
component of the complete molecular orbitals. 


44 Stepwise View of Rearrangements 


As noted in Sec 47, the methide or hydride shift is a one step rearrangement of a carbocation. 
However, it may be easier for you to understand this process by thinking of it as if it occurs in a 
stepwise fashion (it is important to note here that this process is most certainly one step, however, 
we are imagining it as if il were two steps). 

If we reimagine the one-step reaction shown in Eq. 4.27a on p. 160 as a two step reaction, it 
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would proceed as follows: 


сң CH; 


(^он, RT d 
A CH; —= CH; 
CH; 


The CH; group "leaves", or detaches from, the main chain with the electron pair that was holding 
it to the rest of the ion. What's left behind is a dication (a "di-cation" which is exceptionally 
unstable, which is why this process is most certainly imaginary). The methide, or :CH; , now has 
a choice: rebond with the carbon from which it came, or bond with the adjacent carbon. Since the 
original carbon looks like a tertiary carbocation, this carbon is more stable than the adjacent one. 
which looks like а secondary carbocation. So the methide ion donates its electron pair to the 
secondary carbon, vielding a more stable tertiary carbocation. 

This stepwise method of thinking is especially useful when considering ring expansion 
reactions. When a carbocation can rearrange to one that is more hyperconjugated, has less ring 
strain. or both. it usually does. 


ck — cb des СУ 


secondary tertiary 
carbocation carbocation 


Again. it's best to write the mechanism in one step with one arrow showing the shift. 


* 
Г) 
Remember that you should only consider а rearranged product as major if the rearranged 


carbocation intermediate is significantly more stable (through hyperconjugation, resonance, or ring 
strain relief) than its precursor. 


4.5 Activation Energy 


You may have learned in general chemistry about the Arrhenius equation, which treats rates in 
terms of an energy barrier called the activation energy, E. 


Кы, = Ae T = A(1075. 2 3081) (FE4.2) 


In this equation, &,,. is the rate constant, which is the rate measured under standard conditions of 1 
M concentration of all reactants and catalysts. (We'll discuss the rate constant in Chapter 9; but, 
for now, think of it as the rate.) The factor A is called the preexponential factor. The purpose of 
this Further Exploration is to relate the activation energy to the standard free energy of activation. 

The Arrhenius equation originated as an empirical way to describe the variation of rate with 
temperature. The view was that the activation energy is an energy barrier, but its description in 
thermodynamic terms was not provided. Eyring theory, or transition-state theory. actually 
envisioned a barrier characterized by a structure—the transition state. The transition state can in 
principle be described in terms of its thermodynamic properties. such as free energy. enthalpy, and 
entropy. 

As transition-state theory emerged as an important theoretical framework for discussing 
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reaction rates, it became of interest to relute the variables in the Arrhenius equation to those in 
transition-state theory. It can be shown that the activation energy of the Arrhenius equation can be 
related to the enthalpy of activation: 


E,- AH? + ЕТ (ЕЕ4.3) 


Тһе enthalpy of activation is the enthalpy of the transition state minus that of the starting 
materials. Because many typical organic reactions have АН values that are substantially greater 
than RT (which equals about 2.5 kJ mol 1). then, for these reactions, 


E, = АН" (FE4.4) 


It can also be shown that the preexponential factor in the Arrhenius equation is related to the 
entropy of activation: 
a ы este 
А (ЕЕ4.5) 


where kp is the Boltzmann constant (= 1.38 x 1077 J K^! -&/N, where N = Avogadro's number), T 
is the absolute temperature in kelvins, and / = Planck's constant = 6.63 x 10 3 J sec. 

Because AG = AH* — TAS", the standard free energy of activation can be calculated from 
the АН? and TAS* derived empirically from the Arrhenius equation. The entropy of activation 
AS is a particularly interesting aspect of transition-state theory. (See the interpretation of entropy 
in Further Exploration 4.1.) The AS^*, like AS* in an equilibrium. can be interpreted in terms of 
molecular freedom, or randamness. This interpretation provides a "window" on the structure of 
the transition state. 


ШЇ REACTIONS 


ADDITION REACTIONS OF ALKENES 
А. ADDITION OF HYDROGEN HALIDES TO ALKENES 


Hydrogen halides add to alkenes in a regioselective manner so that the hydrogen adds to the carbon of the 
double bond with fewer alkyl substituents and the halide group to the carbon of the double bond with more 
alkyl substituents (Markovnikov's rule). 


The products of these rcactians are called alkyl halides. 


«+ Oa — Са 
CH; 


an alkyl halide 


The addition of a hydrogen halide to an alkene is a regioselective reaction that occurs in two successive 


steps. 


а. |n the first step. protonation of the alkene double bond occurs at the carbon with the fewer alkyl 
substituents so that the more stable carbocation is formed—the one with the greater number of alkyl 
substituents at the electron-deficient carbon. 


b. In the second step. the halide ion reacts at the electron-deficient carbon. 
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H4 Br H фт: H 
S - Br 


—CH, —> “cH, —> 
CH; 


4. Hydrogen halide addition to an alkene is a regioselective reaction because addition involves the transition 
state that resembles the more stable of the two possible carbocation intermediates. 

5. The formation of a carbocation from an alkene is a Bronsted acid-base reaction—that is, an electron-pair 
displacement reaction in which the 7 bond acts as a Bronsted base towards the Brensted acid H—X. 


6. In hydrogen halide addition to alkenes, rearranged products are formed if a rearrangement-prone 
carbocation intermediate is involved—for example. a secondary carbocation that could rearrange to a 
tertiary carbocation. 


B. CATALYTIC HYDROGENATION OF ALKENES 
1. Catalytic hydrogenation is an addition of hydrogen in the presence of a catalyst; it is one of the best ways to 
convert alkenes into alkanes. 
a. Many of the common hydrogenation catalysts are insoluble in the reaction solution; these are examples 
of heterogeneous catalysts. 


b. Benzene rings are іпсп to. conditions under which normal double bonds react readily, but, under 
conditions of high temperature and pressure, they can he hydrogenated. 


Н, + ХЕ Sa ЕЕ 


C. HYDRATION OF ALKENES 
1. The addition of water to the alkene double bond, called alkene hydration. is an acid-catalyzed reaction. 
a. In many cases, the catalyzing acid is soluble in the reaction solution. Soluble catalysts are called 
homogeneous catalysts. 
b. Hydration is a regioselective reaction. A proton is added to the carbon of the double bond with fewer 
alkyl substituents, and the hydroxy (OH) group is added to the carbon of the double bond with more 


alkyl substituents. 
но” OH 
H0 + Hj =s 
o+ [Xon es 


2. Alkene hydration is a multistep reaction. 
a. Inthe first step of the reaction (the rate-limiting step). a Brensted acid-base reaction. the double bond is 
protonated to give a carbocation. 
b. In the next step of the hydration reaction. the carbocation reacts with the Lewis base water in a Lewis 
acid-base association reaction. 
c. Finally. a proton is lost to solvent in another Bronsted acid-base reaction to give an alcohol product and 
regenerate the catalyzing acid. 


+ :ӦН, 
Hr- Öh; H OH H HS H 
(a) J Н" Sou (c) OH 
c 
ch — M-CcH —> MEL * HO 


CH; CH; 
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In alkene hydration. rearranged hydration products are formed if a rearrangement-prone carbocation 
intermediate is involved—for example, a secondary carbocation that could rearrange to a tertiary 
carbocation. 


Alkene hydration is a reversible reaction. 

a. Although hydration is used industrially, dehydration of alcohols to alkenes is the more common 
laboratory use of this reaction. 

b. The mechanism of alcohol dehydration is the reverse of the mechanism of alkene hydration (principle 
of microscopic reversibility). 
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К SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


4.1 The order of increasing bond leneth is d «a «c«e«b < f. The two carbon-hydrogen bonds are shorter than 
any of the carbon-carbon bonds. so d and a are shorter than any of the others. The d bond is shortest because 
sp^-1s bond is slightly shorter than a sp^—1s bond, as in a. Bond c is longer. but the shortest carbon-carbon 
bond, because it is a double hond. Bond e is next longest because it is an sp™ sp? sigma bond. followed by bond 
b because it is an sp^— sp? sigma bond. Finally, bond f is the longest because it is an sp^- sp" sigma bond. 


4.2 (a) I-Pentcne cannot exist as stereoisomers. 
(b)  3-Hexene can exist as both cis and trans isomers; both carbons of the double bond (carbons 3 and 4) are 
stereocenters. 


(c) 1.3-Pentadiene can exist as cis and trans isomers at the bond between carbons 3 and 4; both of these 
carbons are stercocenters. (Cis-trans isomerism is not possible at the double bond between сагбоп- 1 and 


carbon-2.) 
H;C — CH Сн, H CH, 
/ \ 7, 
C=C с=с 
/ / 
H H HC — CH H 


stereoisomers of 1.3-pentadienc 
(d) —2-Methyl-2-pentene cannot exist as cis, trans isomers hecause two of the groups at one carbon of the 
double bond arc the same (the methyl groups). This molecule contains no stereocenters. 


(e) In principle. cyclohutene, which is а cis alkene, might also exist as a trans isamer. However, attempting 
to build a model of trans-cyclobutene should convince you that such an isomer is far too strained to exist. 
The carbons of the double bond are stereocenters. 


43 (a) th) 
fh 
"Td HC =CH—CH=C—CH;CH, 
‘CH, CH, 
2-methylpropenc +methyl-13-hexadiene 
(с) (4) 
CH, 
OSA H,C=CH — CH=CH —CH —CH=CH— CH—CH— CH, 
\ 
CH; CH;CH;CH — CH — СН; 


l-isopropenylcyclopentene 5-(3-pentenyl)- 1.3,6.8-decatcetraene 
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4.4 


4.5 


(a) 
(b) 
(c) 
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Some chemists were educated in nomenclature to understand that if the position of a substituent 
is unambiguous it need not be cited by number. Thus, compound (b) could be called 
methylpropene. because the methyl substituent тим be on carbon-2. That is, if it is on carbon- 
1, the compound would not be named as a prapenc: it would be named as a butene. None of the 
formal “rule books" on nomenclature support this idea. Hence. we number all substituents. The 
1993 nomenclature recommendations of the IUPAC went a step further and recommended 
numbering not only substituents, but also all double bonds. whether ambiguous or not; 
furthermore, the number is always cited before the suffix "ene." Thus, compound (b) in the 
1993 system is called 2-methylprop-1-cne. (The 1993 recommendations are discussed in the 
sidebar on text p. 138.) A positive aspect of this recommendation is that it creates consistency 
in the way that all alkene names are constructed. However, this recommendation has not yet 
been gencrally accepted, and for that reason it has not been used in this text. 


1.3-dimethylcyclopentene 
3-heptene 
5-allyl-2.6-nonadienc 


WV Remember. the 2-propenyl group is called the ally! group; see text page 137. 


(a) 


(b) 


First. name the compound without considering stereochemistry: 3-isopropyl-2-hexene. Then. determine 
the stereochemistry at the double bond between carbons 2 and 3. The isopropyl group is higher priority 
than the n-propyl group. Since the isopropyl group is on the same side of the double bond as the higher 
priority methyl group. then compound's пате is (Z)-3-Isopropyl-2-hexene. 


First, draw out the compound completely. translating abbreviations like Me and i-Bu into appropriate 
skeletal forms. Next, name the compound without considering stereochemistry: 4-isobutyl- 1.4- 
hexadiene. Then, determine the stereochemistry at the double bond between carbons 4 and 5. (E.Z 
isomerism is not possible at carbon-1). Start by writing the structure with the double bond between 
carbons | and 2 replicated. and decide on the path of highest priority within each group (shown in 
boldface in the following structure): 


carbon-4 
(C.H.H) / 
H.C — CH — CH; f ‚СН; | higher priority at carbon-5 
higher priority at carbon-4 i l t б. c 


H,C—CH—CH, н 
(HHH) 
3 


As the diagram above shows. the first point of difference occurs at the third carbon out; thus, the allyl 
group has higher priority than the isobutyl group. Because the groups of higher priority are on the same 
side of the double bond, the stereochemistry at this double bond is 2, and the full name is therefore (Z)-4- 
isobutyl-1.4-hexadiene. No number before the Z is necessary when only one double bond has a 
stereochemical designator. 
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4.6 (a) 
H CH;CH, 
` / 
с=с 
H;C — CHCH;CH H 
| 


CH,CH=CH, 
(E)-4-21lly1-1,5-octadiene 
(b) 
H E 
HC H t -c 
с cH, cH 
н CH,—CH н 
с=с 
С" 


(2E.7Z)-5-|(E)- 1- propenyl]-2.7-nonadienc 


47 (a) (b) 
CHCH; ChHC 
с.с.н) CH — versus CH— 
(CHC — versus H,C—CH— / / 
PM CH30 HO 
C(C.C.C) OCH, OC) он) 
higher priority higher priority 
(c) (d) ' 
C(H.H.H) qeen 
NC C 
| 
C(C.H.H) €(0,0.0) (СНЫ) С — versus HC—C— 
mi versus T б C | 
H;C cz CH ad 
higher priority higher priority 


4.8 (a) Use Eq. 4.6 on text p. 144 to obtain U = 0. 
(b) Use Eq. 4.7 on text p. 144 to obtain U = 3. 
(c) The suffix "triene" in the name indicates that the carhon has three double bonds; consequently, the 
unsaturation number is 3. 
(d) The prefix "cyclo" as well as the suffix "ane" indicate that the compound has one ring: consequently. U 


4.9 The unsaturation number is 4. Because there аге no double bonds, the compound contains four rings. The 
stipulation of two methyl groups requires that there are 18 carbons in the four rings. The only way to have 18 
carbons in four six-membered rings is for the rings to share carbon atoms. The following are three of many 
examples that meet the criteria: 
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CH CH;CH; CH;CH;CH; 
HO ? HO CH;CH; CH;CH;CH; 
CH 
HO > HO 
О о 
4.10 (a) Formula A cannot be a correct formula. because a compound containing only C, Н, and an odd number of 


nitrogens must have an odd number of hydrogens. Formula € also could not be the formula of an organic 
compound. because the maximum number of hydrogens possible in a compound containing 10 carbons, 
3 nitrogens. and any number of oxygens is 25. Formulas В and D are both reasonable. and could be 
organic compounds. 


using Eq. 4.7 on text p. 144. A formula that gives a negative or fractional unsaturation 


SU/ Another way to tel! whether a formula is reasonable is to calculate its unsaturation number 
number is not possible. 


(b) There are six isomeric alcohols and one ketone with the formula C,H40. The first two alcohols are 
enols, and both in equilibrium with the ketone shown. As you will learn in Chapter 14. the ketone form is 
the dominant form at equilibrium. 


OH OH OH о 
BA Pd Pat PP 
a ketone 


OH HO сњ OH 


A uj 


CH, 
alcohols 
3.11 (a)  Forsimplicity. ignore the H—C bond dipoles. cis-2-Butene has the greater dipole moment because the 


bond dipoles of the H,C—C bonds tend to add. In contrast, the dipole moment of trans-2-butene is zero 
because corresponding bonds are oriented in opposite directions, and their bond dipoles consequently 


cancel. 
P 
HC CH, нус bond dipol H.C H 
t Ж | 4 + , аы | = X. Н,С—С bond dipoles cancel 
/ \ X. " 
H H X resultant (sum) H CH; 


of H,C—€ bond dipoles 


(b) In propenc. the H,C—C bond dipole adds vectorially to the smaller H—C bond dipole; the resultant is 
smaller than the H4C—C bond dipole itself, as the following diagram shows. In 2-methylpropere, the 
resultant of the two H4C—C bond dipoles is about equal in magnitude to one Н;С—С bond dipole. (This 
can be shown analytically if we assume 120° bond angles.) 2-Methylpropenc has a somewhat greater 
dipole moment. (In the following vector analysis, the H—C bond dipoles of the CH; groups are ignored 
because they cancel in the comparison of the two molecules.) 
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4.12 


4.13 


4.15 
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H,C—€ bond dipol Р 
resultant (sum) te C=C С=С + 
V "i P uc 3. ~ resultant (sum) 


H—C bond dipole of H4C—C bond dipoles 


propene 2-methylprapene 


As stated in the text above the problem. the polar effect of a double bond is electron-withdrawing. In Sec. 3.6C 
on text pp. 114-118. we learned that an electron-withdrawing polar effect increases the acidity of a nearby 
carboxylic acid group. and so it is in this case. (The pK, of 3-butenoic acid is 4.37; that of butanoic acid is 4.78.) 


(a) 


(b) 


(a) 


(b) 


The enthalpy of reaction is obtained by subtracting the AH of the reactant, |-butene. from that of the 
product, 2-methylpropenc. Therefore. AH? = – 17.30 -(-0.30) = -17.0 kJ mol ! (—4.06 kcal mol !). 

The butene with the lower АА is more stable. Since the conversion of |-butene to 2-methylpropene is 
“energetically downhill" —that is, more negative—2-methylpropene is more stable. 


The overall AH? of the process. +15.3 kJ mol`’, must equal the difference in the AH? values of product 
and rcactant. Hence. 


+15.3 = AH/( 1-Һехепе) — AHf'(2-ethyl- | -butene) 
+15.3 = 40.5 – AHf/'(2-ethyl- 1-butene) 
Solving. we have that x = AH/*(2-ethyl-I-butene)z -55.8 kJ mol E 


Because the AH? of 2-ethyl- 1 -hutene is more negative than that of 1 -Һехепе, 2-ethyl-1-butene is the 
more stable isomer. 


The combustion reaction for 1-heptenc is 


H;C—CHCH;CH;CH,;CH;CH, + 1050; ——> ТСО, + 7H;0 


The given AH? for this reaction is 4693.1 kJ mol '. This is equal to the heats of formation of products minus 
those of the reactants. The heats of formation of CO. and Н›О are the same as the heats of combustion of C and 
Н». respectively, because these combustion reactions form CO; and Н,О fram their elements. 


4693.1 kJ mol”! = 7AH?(CO:) + 7AH/(H;O) — AH,°(1-heptene) – 10.5AH(O>) 


Letting AH,°(t-heptene) = x, 


—4693.1 kJ mol"! = 7(-393.51) + 7(-285.83) - x 10.5(0) 


Solving. 
or x = AH/'(1-heptene) = —62.28 kJ mol ! (-14.89 kcal mol !) 
This caleulation illustrates the point made in Further Exploration 4.1. that heats of formation 
derived from heats of combustion are small difference between large numbers and are therefore 
subject to some uncertainty. 
(aj | Compound A is more stable than compound B because the double bond in A has one more alkyl 


(b) 


substituent. 

Compound B is more stable than compound A, because compound A, which is a cis alkene, is 
destabilized by significant van der Waals repulsions between the fert-butyl group and the methyl group. 
Because compound В is a trans alkene. these destabilizing repulsions are absent. 


Hydrogenation of either (£)- or (Z)-3-hexene gives the same product, hexane. This allows us to use the heats of 
hydrogenation in a Hess's law calculation: 
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CH;CH, CH;CH; 
\ / 
aed + Hp — CH;CH,CH,CH,CH,CH, АН" = -121.6=-167.2-x 
H H hexane 
(Z)-3-hexene AHP = -167.2 
AHF NX 


From this we obtain the AH? of (Z)-3-hexene as —45.6 kJ mol ! (210.9 kcal mol! ). A similar calculation for 
( E)-3-hexene gives the AH,’ as 49.3 kJ mol"! (-11.8 kcal mol"! ). Notice that the £ isomer is more stable, as 
expected. (Why?) 

4.18 (a) Снн: (b | Br—CH;CH;—Br (c) (CHYCH)3B 

4.19 In (a). the chlorine goes to the carbon of the alkene with the methyl branches. In (b). the bromine goes to the 
ring carbon with the methyl branch. 


(à  (CH}C—CI 
(b) 
Br 
CH, 
4.20 (a) 
CH; H 
HC EX бн, нс—б—сн,сн, нс ЗЕР 
li. н, m 


a primary carbocation 
(least stable) 
(b) 


a secondary carbocation 
(intermediate stability) 


a ternary carbocation 
(most stable) 


)7— A 


a primary carbocation 
(least stable) 


a secondary carbocation 
(intermediate stability) 


= 
a tertiary carbocation 
(most stable) 


421 We follow the patterns in text Eqs. 4.18a and 4.18b. First the double bond is protonated on the carbon with 
fewer alkyl substituents by HBr to give a carbocation on the carbon with more alkyl substituents and Br . Note 
that even through a proton is transferred. we use the curved-arrow notation to show the flow of electrons. In the 
second step. the Вг reacts with the carbocation in a Lewis acid-base association reaction to give the product. 


:Br—H« 


| Br e Ke 

н;С= үн LE НС = CCH,CH,CH; —_> НС =, CCH;CH;CH; 
| | 

CH; CH; CH; 


2-methyl-1-pentene a tertiary carbocation 
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4.22 (а) (b) 
НС сн, HC CH, 
\ / y / 
С=С ам C— CH dh eh 
y \ / N and 
HC CH; H;C CH; 
4.23 Rearrangement will occur when a carbocation can rearrange by the shift of an adjacent atom or group lo give a 


more stable carbocation. 


(a) This secondary carbocation can rearrange to a tertiary carbocation by the shift of a hydride. 
CH; 


H А CH, 
E t 
Ё CF 
H 
H 


(b)  Arearrangement by the shift of a hydride from the adjacent tertiary carbon gives the same carbocation: 
hence, this carbocation does not rearrange. 


(c) Rearrangement of this secondary carbocation by a methide shift gives a tertiary carbocation. If you're 
still getting used to skelctal structures, redraw the structure using condensed or line bond structures. 


РР 7 PS MT 


+ 


4.24 Protonation of the double bond gives a secondary carbocation: 
fr. :Br: 
;— Нг: = 
(Сну) С — CH= СН, —» (CH4;C — CH — CH; 
H H 


This secondary carbocation can react by two pathways: (a) rearrangement to a more stable tertiary carbocation 
followed by reaction of the rearranged carbocation with Br ; (b) reaction with Вг. 


Act s 
"+В: :Вг: .K. 
É. Б (a) C й Т" 
(Сну) — CH —CH, emme (CHC СНС, ——> (CH,)C—CH—CH, 
Е | 


Н (o H H 


(CH,C — CH— CH, 
н 


4.25 if these alkyl halides could be prepared from alkenes, the alkene starting materials would have to be A/, B/, and 
C1 for A. В. and C, respectively: 
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CH; 
| 
CH;CH;CH;CH —CH; H.C = CHCH;CH;CH; H.C — CHCCH;CH, 
| 
Al В! CH; 
СІ 
(ВІ is the same as A/; it is drawn differently to correspond to the way the products are drawn.) Reaction of A/ 
tor B7) with HBr would give В but not A because the bromine goes to the carbon of the double bond with the 
alkyl substituent. Hence, compound В, but not compound A, could be prepared by HBr addition to alkene B7. 


Addition of HBr to alkene C/ would not give solely compound C. but would also give one or more rearrange- 
ment products. (Be sure to draw out the rearrangement and derive these products.) 


4.26 (a)  Thisisan electron-pair displacement reaction. 


е N. $ & 
снг “си: —— СН; — СН, CH;0: ---- CH; —:Br: 
CH, CH; CH, 


transition state 


t 


(b)  Thisis a Lewis acid—base dissociation reaction. 


A. t m 5+ & J? 
(CH;);C— Br: —— (CH3}C :Br: (CH4&C d 


transition state 


4.27 (a) The curvcd-arrow notation and the transition state for the reverse of Eq. 4.30: 


* Me * 
(CH,).C F CH, (CH3;C === CH, 
| 


(b) Тһе transition state for any reaction and its reverse are the same. 


428 (а) Apply Eq. 4.33a on text p. 164 with AG,” – АСА? = -15 kJ mol’. 


(rate,\ АС - AGS 15 


iog rate, | = ——____—__ = —— = -2.63 
[me,]^ 23087 TSN 
Therefore. 
rate 
А 21079 2236x107? 
rate, 


Thus. the rate of reaction A is 0.0024 times that of reaction B. or reaction В is (1/0.0024) or 417 times as 
fast as reaction A. 

(b) The text states that a reaction rate approximately doubles for every 10? rise in temperature. The question 
is, then how many "doublings" in rate correspond to the rate factor 417 above? 


417 = 2" 
log 417 = nlog2 
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263 = 0.3014 
п = 874 


Evidently. a rate factor of 417 corresponds to almost 9 doublings of the rate—8.74, to be exact. The 
temperature at which reaction А is run would have to be raised an estimated 87? to make it as fast as 
reaction В. 


4.29 (a) Apply Eq. 4.33b. with : 


NL 
E 


AG АС АСУ -90 
= log(10 5) = —6 = В EE шн 
rte, ) 5.71 571 
Solving for AGg*. 
AG, = 55.7 kJ mol"! 
(b) The reaction free-energy diagrams are shown in Fig. SGA.1. 


(c) Тһе standard free energy of activation of a reverse reaction is the height of the energy barrier measured 
measured from the energy of the products. [n each case. this is 10 kJ mol”! greater than the standard free 
energy of activation of the forward reaction: 100 kJ mol ' for reaction A. and 66 kJ mol! for reaction В. 
(See Fig. SG4.1.) 


4.30 The reaction-free energy diagram shown in Fig. SG4.2 meets the criteria in the problem. 


4.31 The diagram in Figure 564.3 meets the criteria in the problem. 


reaction В reaction 4 


reaction coordinate 


Figure SG4.1 A reaction free-energy diagram to accompany the solution to Problem 4.29b. The two curves 
are drawn to scale. The standard free energies of activation for the forward reactions are shown under their 
respective curves; the standard free energies of activation for the reverse reactions are shown to the right of 
their respective curves. 
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= 


Fa 
ш 
2. 
а 
= 
id 
a 
A 
x 
< 
z 
- 
D 


G 


reaction coordinate 


Figure SG4.2 A reaction free-energy diagram to accompany the solution to Problem 4.30 


STANDARD FREE ENER 


reaction coordinate 


Figure SG4.3 The reaction-coordina:e diagram to accompany the solution to Problem 4.31. 


4.32 Because the transition states of the two reactions should resemble the respective carbocation intermediates 
(Hammond's postulate), examine the structures of the two carbocations and determine which should be more 
stable. 


HiC—C— CH Br" HC—CH—CH,—CH, Br^ 


CH; carbocation intermediate 


me : from HBr addition to trans-2-butene 
carbocation intermediate 


from HBr addition to 
2-methylpropene 


The carbocation intermediate in the addition of HBr to 2-methylpropene is tertiary. and is thus more stable than 
the carbocation intermediate іп the addition of HBr to frans-2-butene, which is secondary. If the transition states 
for the two addition reactions resemble the carbocation intermediates, the transition state for the reaction of 
2-methylpropene is also more stable. The relative rates of the two reactions are governed by the differences 
between the standard free energies of the transition states and their respective starting materials. Therefore, we 
have to consider the free energies of both the alkenes and the transition states. /f the two alkenes do not differ 
appreciably in energy, then the relative rates of the two reactians are governed only by the relative free 
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energies of the twe transition states, (This is a fairly good assumption. because both alkenes have two alkyl 
branches.) Under this assumption. addition of HBr to 2-methylpropene is faster. because the transition state for 
this reaction has lower free energy. 


4.33 (a) The hydrogenation product of |-pentene product is pentane, CH4CH;CH;CH3CH ;. 
(b) Тһе hydrogenation product of (£)-1.3-hexadiene is hexane. CH4CH;CH;CH;CH;CH;. 


4.34 (a) Тһе formula restricts us to considering only alkenes with one double bond. Any alkene with a six-carbon 
unbranched carbon skeleton will give hexane as a product. Five alkenes meet this criterion. 


Hic CH;CH;CH, PC F 
н, — CHCH,CH;CH,CH, с=с с=с 
кене H H H CH;CH;CH; 
(Z)-2-hexcne (E)-2-hexene 
CH;CH, CH;CH, CH,CH; H 
N / \ 
c=C С=с 
\ Z N 
H H H CH;CH; 
(Z)-3-hexene (E)-3-hexene 


(b) Апу alkene with the carbon skeleton of methylcyclopentane will undergo hydrogenation to give this 
cycloalkane. There are four such alkenes. 


O- CH; (75- CH; ( )- CH; CoH, 


I-methyleyclopentene— 3-methylcyclopentene 4-methylcyclopentene methylenecyclopentane 


4.35 In the first step of the reaction, the double bond is protonated by the acid catalyst 1n a Bronsted acid—base 


reaction: 


H P H— Öh, H 

| ү, | ч 
HC —C—CH—CH, — H,c—C—CH—CH, + Ән 

CH, CH, 


Ld 
The resulting secondary carbocation А rearranges to a tertiary carbocation B by a hydride shift: 
H H 
Е: | 
ШС нн; — інс Сеен сн, 
| 
Н; CH; 
[ B 


Carbocation B reacts with water in a Lewis acid—base association reaction. and the resulting adduct loses a 
protan to another water molecule in a Bronsted acid-base reaction to form the product alcohol and regenerate 
the catalyzing acid: 
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М 
D :Ӧн, Sla :бн; :0H 
H,c—C—CH,—CH, — HC—0—0H—CH, аә ТИР Guo + *OH, 
" m m 
B 


4.36 The reaction mechanism is exactly like the one in the solution to Problem 4.35, except that a methyl group 
migrales in the carbocation intermediate. The various intermediates are shown below: we leave it to you to fill 
in the other molecules or ions involved as well as the curved-arrow mechanism. 


CH; cns CH; 
| А . | 


CH; CH; CH; 
H 
H 4. CH, 0H CH, 
H.C ЕЕ з —% НС „Б 
CH; ini 


4.37 (a) Тһе two alkenes result from loss of the two chemically nonequivalent protons on the carbons adjacent to 
the positively charged carbon in carbocation B: 


(aj 
ty H7 iUe, HC CH 
+ E E N / : Т] 
нс —C—CH—CH, —- pe * Hier жы + *OH, 
ss (hy | / ! 
H20: e >H Сн, Hc H CH; 
B from (a) from (5) 


(b)  Inthe solution to Problem 4.35, the rearrangement of carbocation A to carbocation B is completely 
irreversible because the much greater stability of B. Once this carbocation is formed. the only alkenes 
that can form are those that are derived from it —the ones shown in part (a). 


4.38 The intermediate in the hydration of ethylene is a primary carbocation. Hence, the transition state resembles 
such a cation. As you have learned. primary carbocations are much less stable than secondary and tertiary 
carbocations: hence. transition states that resemble primary carbocations are also unstable. An unstable 
transition state means that the transition state has a very high energy. When a reaction has a transition state of 
very high energy. the reaction is slow. 


4.39 The hydration of propene involves the usual mechanistic steps of alkene protonation to form a carbocation 
followed by the nucleophilic reaction of water with the carbocation. The structure of isopropyl alcohol follows 
from the structure of the carbocation. Notice that a secondary carbocation rather than a primary carbocation is 
involved. (Why?). 


н, 
D, чы ун $ 
HOF, p кы. :0—H :09, 20H 


+ | = 
H4C—CH— CH; —» H,C—CH—CH, ——s» H,C—CH—CH, ——» H,C—CH—CH, + *ÓH, 


propenc isopropyl alcohol 
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Solutions to Additional Problems 


4.40 The structures and substitutive names of the methylpentene isomers: 


H;C — CCH;CH;CH; H;C = CHCHCH;CH, H;C = CHCH;CHCH; 
m CH, CH, 
2-methyl-1-pentenc 3-methyl-1-pentene 4-methyl-1-pentene 
CH,C—CHCH,CH,  CH;CH=CCH,CH, CH,CH — CHCHCH, 
m CH; бн, 
2-methyl-2-pentenc 3-methyl-2-pentene 4-methyl-2-pentene 
E and Z E and Z 


4.41 The structures of the isomeric substituted butenes: 


CH; CH; HC CH; 
H,C—CHCCH, H,C—CCHCH,  H,C—CCHCH, » =C 
n n, бнусн, HC CH; 
33-dimethyl-I1-butene 2,3-dimethyl-1-butene 2-ethyl-1-butene 2,3-dimethyl-2-butene 


4.42 Each of the alkenes from the solution to Problem 4.41 except 3,3-dimethyl-1-butene should give one product 
when it reacts with HBr. 3,3-Dimethy]-1-butene should give one normal addition product and one rearranged 
product. (The corresponding addition of HC! to the same alkene is shown on text pp. 159-160.) 


4.43 Arranging the alkenes in order of increasing heats of formation is the same as arranging them in order of 
decreasing stability. The major factors that govern alkene stability are (1) the number of alkyl substituents on 
the double bond: and whether the alkene is cis or trans. The order of increasing heats of formation: 


HC сн, Т» CH,CH; 
coc < CH;C=CHCH,CH, = C=C < H,C=CCH,CH,CH, = 
H ‘CH CH, m "ab " bn, 
(E-3-methyk2-pentene  2-methyl-2-pentene — (Z)3-methyl-2-pentene — 2-methyl-I-pentene 
HC H HC CH(CH;), 
А = ав < H,C—CHCHCH,CH, = H,C—CHCH;CHCH, 
м “ниси н \ m CH; 
(£)-4-methyl-2-pentene — (Z)-4-meths1-2-pentene 3-methyl-1-pentene 4-methyl-1-pentene 


2-Methyl-2-pentene should he scmewhat less stable than (E)-3-mcethyl-2-pentene because the former has а cis 
methyl-ethyl interaction, whereas the latter has a cis methyl-methyl interaction. 2-Methyl-2-pentene has the 
same cis interactions as (Z)-3-methyl-2-pentene and the same number of substituents on the double bond. 
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(a) (b) 
H;C —CHCHCH;CH;CH;CH;CH; 
| 


N CH; 


cyclobutene 


(c) (d) 


CH | CH=CH, 
CH, » 


5,5-dimethy1-1.3-cycloheptadicne 


A-methyl-1-octene 


I-vinylcyclohexene 


(a) — 3-Ethylcyclopentene 

(b)  6-Methyl-I-heptene 

(c) — 2-Isopropyl-1-methyl-1.3-cyclohexadiene 
(d) | (E)-2-Butyl-1.3-pentadiene 

(e) — 1-(I-Cyclopentenyl)cyclopentene 

(f) — (E)S-((Z)-1-propenyl]-1.6-nonadienc 


(a) (b) 
CH; 


CH,CH,— CH =CH, 


“3-butene™ "6-methylcycloheptene" 
I-hutene 4-methylcycloheptene 
(c) (d) 
нс CH;CH;CH; (mu Л 
T d с=с 
FU ! 


(Z)-2-hevene 
(the correct name) 


"trans-l-tert-butylpropenc" 
(£)-4.4-dimethyl-2-pentene 


95 


(a) The stereochemisiry is Е. The Br has higher priority on one carbon stereocenter, but it has lower priority 


on the other. 


(b) 
(c) 


(d) 


Z: the decision is based on the preference for a heavy isotope over a lighter one in both cases. 

The stereochemistry is E. The two branches of the ring are treated as separate substituents; the fact that 
the twa branches are tied into a ring has no effect on their relative priorities. 

The structure is drawn below with the double bond of the cyclobutenyl group in replicated form. Because 
groups of higher priority гге on opposite sides of the double bond. this compound has the E 
configuration. 
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4.48 


4.50 


(a) 
(b) 
(c) 
(d) 
(e) 
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C(C,C,H) 
с. 


lower priority iL] Аш higher priority 


en daa 


higher к Bm s | lower priority 


" H.H) 
These compounds are constitutional isomers (C) because they have different connectivities. 
These are not isomers because they have different molecular formulas (N). 
These structures represent the same compound (1). 
These compounds are constitutional isomers (C) because they have different connectivities. 
These compounds are stereoisomers (S)—specifically, E and Z isomers of the same compound. 


[^] 


Boron trifluoride (trifluoroborane, BF.) is trigonal planar with F—B—F bond angles of 120°. Because 
hybridization and geometry are related, and we know that other trigonal-planar atoms (e.g.. carbon of alkenes or 
carbocations) are sp^-hybridized, it is reasonable to suppose that boron of BF; is also sp^-hybridized. An orbital 
diagram for boron is much like the one for carbon in Fig. 4.3 on p. 127 of the text, except that boron has three 
rather than four valence electrons. In this diagram, the valence electrons are shown in gray. To form ВЕз, each 
of the sp? orbitals in boron, which contain a single electron, overlap with an orbital of a fluorine atom that 
contains a single electron. This makes three B—F electron-pair bonds. Because the boron orbitals used to form 


thc 


bonds are oriented at 120° in a common planc, then the three B—F bonds arc also oriented at 120? in a 


common plane. 


unalfected by hybridization 


pr А Jp. — А 
4 5 mix 2s, 2р,. and ке hybrid 
Fy <р: 2p, orbitals Ap) йт —— —1— ) orbitals 
Is uli. 
ч 
E 
ul 
Z unaflccted by 
= T ti hybridization T as 
atomic boron: boron in BF; 


(13) (2:42p,) 


The boron in BF; has an empty 2p orbital. shown as 2p. in the diagram. 


(a) 
(b) 
(c) 
(d) 
(e) 


empty 2р orbital 


An sp(C)-1 s(H) ‹ bond 

An sp*(C)- sp((C) « bond 

An sp'(C)- spC ) g bond and a carbon-carbon 7 bond 
An spC)- spc) o bond 

An sp'(C)- 15(H) or bond 
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4.5] (a) Either of the following two alkenes would react with HBr to give the alkyl halide product shown in the 
problem: 
CH; CH, 
DO * 
I-methylcyclopentene mcthylenecyclopentane 


(b) Although the bromine is on the same carbon in the products from the respective alkenes, the hydrogen 
from НВг (and hence the deuterium trom DBr) is not. Consequently, different products are obtained from 
DBr addition to the two alkenes. In other words. DBr differentiates the proton that is added from the 
hydrogens that were in the alkene to begin with. 


CH; 


Сн; pB", „Ch Br. сњо 
bé. nd d е в. C 


4.52 Any опе of the alkenes below, when reacted with hydrogen in the presence of a catalyst. will give 
propylcyclohexane. 


| 
22 
н, 
Pd/C catalyst 


propvlevclohexane 


any ONE of these 


4.53 The process to be used in working this problem is thoroughly explained in Study Guide Link 4.3 on p. 73 of this 
manual. The structures of X and Y are as follows: 


pe “oe 
CH; CH; 
X Y 


4.54 Both cis- and frans-3-hexene should give the same single alkyl halide product when they react with Hl. and 
both would undergo catalytic hydrogenation to give hexane: 


CH,CH, снн;  CH;CH, н 
N / N / НІ CH4CH;CH;CHCH;CH; 
i | 


с=с ог С=С 
н W н CHCH | 
cis-3-hexene trans-3-hexene S-iodohexane 
Hy. catalyst 
CH,CH,CH,CH.CH,CH, 
hexane 
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Hydration. because of its mechanism, yields an alcohol in which the —OH ргоир is positioned at the carbon of 
the double bond with more alkyl substituents. Al Keyhall’s proposal would require a different regioselectivity, 
and therefore would not work. (As you'll learn in Sec. 5.4B, there is a different way (о prepare this alcohol from 
3-methyl-1-butene.) 


Al Kevhall s proposal 
ud 
HO + (CHj;CHCH —CH; Эба» (CH;),CHCH,CH,OH 


(ы 
OH OH 
| | 
(CH3),CHCHCH, + (CH3;CCH;CH; 
observed products 


(For the origin of the rearrangement product, see the solution to Problem 4.35.) 


(a) Before drawing the reaction-free energy diagram. convert K,, into a free energy. (Assume 25 °C or 
298 K.) 


AG? = -2.3RT log Ką = —5.71 log(150) = 12.4 kJ mol”! (22.97 kcal mol !) 


This number is the energy difference hetween A and 8. Compound B has the lower energy. because it is 
favored in the equilibrium. The reaction free-energy diagram is shown in Fig. SG4.4. 

(b) Тһе standard free energy of activation for the reaction in the В to A direction is 12.4 kJ/mol + 96 kJ/mol 
= 108.4 kJ mol! (25.9 kcal mol !). This follows geometrically from the diagram in part (a); it is the 
difference between the standard free energy of B and the standard free energy of the transition state. 


(a) | Compound D is present in greatest amount when the reaction comes to equilibrium. because it has the 
lowest standard free energy. Compound C is present in least amount because it has the highest standard 
frec energy. 

(b) The rate-limiting step in this reaction is the В === C step, because it has the transition state of highest 
standard free energy. 

(c) Тһе standard free energy of activation is the energy difference between the transition state of highest free 
energy and the reactant. See Fig. SG4.5 for the A > D case. (What is AG^* when the reactant is D. that 
is, in the case of the reverse reaction?) 

(d) The reaction of C > D is faster than the reaction С — B because the energy barrier for the C > D 
reaction is smaller. The two barriers are labeled in Fig. SG4.5. 
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АС (reverse reaction) 
= 96 + 12.4 = 108.4 kJ mol! 


[c 
& 
— 
Z. 
— 
= 
2 
Z 
Л 


reaction coordinate 


Figure SG4.4 A reaction free-energy diagram to accompany the solution to Problem 4.56. 


STANDARD FREE ENERGY 


reaction coordinate 


Figure 564.5 Reaction free-energy diagrams to accompany the solutions to Problem 4.57c and 4.574. 


The first step of hydration, protonation of the double bond. is rate-limiting (text p. 173), and the reactive 
intermediate that results from this process is a carbocation. According to Hammond's postulate, the transition 


state closely resembles this intermediate. 
CH; 


carbocation intermediate 
from protonation of І -methylcyclohexene 


(a) Тһе product from hydration of methylenecyclobutane: 


CH; 
ФЕ + НО ине, OX 
OH 


methylenecyclobutanc I-methylcyclobutanol 
(compound Х) 
(b) Тһе reactive intermediate formed in the rate-limiting step is the carbocation: 


Ф 
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4.61 


(c) 


(d) 


(a) 


CHAPTER 4 - INTRODUCTION TO ALKENES. STRUCTURE AND REACTIVITY 


The transition state of the rate-limiting step is the transition state for protonation of the double bond: 


If the rate-limiting step is protonation of the double bond in the hydration (forward) direction, then the 
rate-limiting step in the reverse direction is the reverse of the same step: deprotonation of the carbocation 
intermediate to give the alkene. The transition state is identical to the one in part (c). because a reaction 
and its reverse have the same transition state. 


The bonding arrangement in (£)- 1.3-pentadiene is more stable hecause this diene has the smaller heat of 
formation. 


When two double bonds are separated by one single bond. the double bonds are said to be 


c» conjugated. The conjugated arrangement of double bonds is a particularly stable arrangement. 


(b) 


(a) 
(b) 


(c) 


(d) 


The reason for this enhanced stability is discussed in Chapter 15. 
H,C=CH H 
\ A 
C EG H/C = CHCH;CH — CH; 
H CH; 1.4-pentadiene 


(E)-1,3-pentadicne 
(a conjugated diene) 


The relevant combustion equation is 


(E}+1,3-pentadiene + 70; ——» 5CO, + 4H;0 
(C: Hg) 
heat of formation (kJ mol !) 75.8 0 $(-393.5) 4(-285.8) 


(Note that the heats of formation of CO; and Н,О are by definition identical to the heats of combustion 
of carbon and hydrogen, respectively.) The AH? for this reaction is 


4(—285.8) + 5(-393.5) — 75.8 = 3186.5 kJ mol | 


The heat of combustion (always expressed as a positive number for heat liberated) is therefore 3186.5 kJ 
mol! (761.6 kcal mol`’). 


The enthalpies of the three alkenes relative to 2-methylbutane is diagrammed in Fig. SG4.6. 

Since all three alkenes produce the same alkane (2-methylbutane) upon catalytic hydrogenation. we can 
use the heat liberated in each reaction to determine their relative stabilities. Since 2-methy]-2-butene 
gives off the least amount of heat (-112.6), it is the most stable. 3-Methyl-1-butene gives off the most 
heat, so it is the least stable. 

Because 3-methyl- 1 -butene. 2-methyl- 1 -butene, and 2- methyl-2-butene are isomers, they are formed 
from the same elements (СН о). The difference in heats of hydrogenation must equal the difference in 
their heats of formation. We don't know what the individual heats of formation arc, but we know that 
they differ by between 14.2 and 7.6 kJ mol”. 

As discussed in section 4.5B, the more alkyl groups that are attached to the carbons of the double bond, 
the more stable the alkene. This phenomenon arises from the greater number of sp^-sp! bonds present in 
the more stable alkenes. 
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— pour eue J-methyl-1-butene 


ЕТТЕ on 


57 агау A а m icr qu р 2-methvl-I-butene 


CH; 
— pu PE 2-methyl-2-butene 


CH, 


Сзан 2-methyibutane 
CH4 


ENTHALPY 


Figure SG4.6 A diagram of relative enthalpies (not to scale) to accompany the solution to Problem 4.61 


When we make the madels as requested we find that it is very difficult to close the ring containing the double 
bond with the £ (or trans) configuration, whereas the ring containing the Z (or cis) double bond can be closed 
without difficulty. (1f this conclusion is not clear, be sure you built a model of the evelic alkenes and not a pair 
of the acyclic heptenes.) Thus. ( £)-cycloheptene is less stable than (Z)-cycloheptene. Because the more stable 
isomer of a pair has the lower heat of formation, it follows that (Z)-cycloheptene has the lower heat of 
formation. 


(a) 


(b) 


bond dipole 


The data show that methyl groups are more clectron-donating than hydrogens. That is, the H4C—C— 
band dipole is larger than the H—C- bond dipole. This follows because each HyC—C bond dipole in 
the first structure, and each H—C bond dipole in the second structure, is parallel to a C—Cl bond dipole 
within the same structure. As shown in the following vector diagram. in which R = CH; or R =H. the 
paralle! dipoles reinforce to give a larger resultant A: and two such resultants add to give a resultant B for 
the entire molecule. 


C—CI bond dipole / 


а a / 
ЖУ. : / 
нр" if / X 


^ 


p resultant dipole moment 
of the molecule 


sum of R—C 
and С—-С1 bond dipoles 


It follows from this diagram that the larger is the R—C hond dipole. the larger is the resultant dipole 
moment of the molecule. Because the compound containing the methyl groups has the larger dipole 
moment, it follows that the H,C—C bond dipole is larger than the H—C bond dipole. In other words. a 
methyl group is more electron donating than a hydrogen towards a double hond. 

Assume that the major contributors to the molecular dipole moment are the H,C—C and the C—CI bond 
dipoles, as indicated in part (a). These bond dipoles reinforce in the £ isomer, and are nearly opposed in 
the Z isomer. Consequently. the £ isomer has the greater dipole moment. 


The mechanism is a sequence of two Bronsted acid-base reactions. In the first (step a), the double bond is 
protonated to give a tertiary carbocation: in the second (step 5). the carbocation loses a different proton to give 
the alkene. The equilibrium is driven to the right by the greater stability of the alkene product. (Why is it more 
stable?) 
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H3C CH; НС CH; HC CH; 


4.65 Follow the suggestions in the problem. First. we lahel corresponding atoms. 


нс & 3: 3 
4 3.2 L .. 
C—CHCH,CH,OH —dhMesmess , HC 
/ m HS0; ^ б 1 
HIC H3C - 


Next, consider the fate of the vanous functional groups. The double bond has disappeared. Carbon-3 has gained 
a proton. and carbon-4 has been joined to the oxygen. In other words. an addition of the O—H group to the 
double bond has occurred. We have scen (wo other additions involving acids: addition of HBr. and acid- 
catalyzed hydration. Because a catalyzing acid is present in this reaction, and an oxygen is involved in the 
addition, it is reasonable to think of acid-catal yzed hydration as a possible model for this reaction. Carbon-3 can 
gain a proton if the double bond reacts as a Bronsted base with the Bronsted acid Н.О? (step a in the 
mechanism below). This forms atertiary carbocation. which then reacts in a Lewis acid-base association (step 
b). Loss of a proton to solvent H:O in another Bronsted acid-base reaction (step c) regenerates the catalyzing 
acid and forms the product. 
jo H--0H : on 
H3C +? HC Н H; 
Yina Le Ynni > 0С Oe 
= H;CH;OH —CHCH 
"ble > / $ мг: HaC | D 


/ 
HC H3C we 


3 


H-—— n, 


4.66 This is an acid-catalyzed addition to the double bond much like hydration, except that an alcohol rather than 


water is the nucleophile that reacts with the carbocation intermediate. Notice that the ionized form of HSO; in 
methanol is protonated methanol (CH;O*H;). 


H 
Nhi б 
H OCH =й КЖ... 
A Vu HC m: -pon, c 
C —CH; — e —CH; — > (CHj;C— OCH; ж (Сн): —OCH, 
HC HC 


+ HOCH, 


4.67 Protonation occurs at carbon-5 (see numbered structure below) to form a tertiary carbocation. (Protonation at 
carbon-] would give a secondary carbocation.) Because the tertiary carbocation is more stable. it is formed 
more rapidly (Hammond's postulate). The tertiary carbocation resulting from protonation then adds to the other 
double bond (the only choice) to give a secondary carbacation (step 6). This step can be viewed as a Lewis 
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acid-base association reaction in which the 7 electrons of the double bond act as a nucleophile. The result is a 
secondary carbocation. A Lewis acid-base reaction of this carbocation with water (step c) followed by loss of a 
proton to another solvent water molecule (step d, another Bronsted acid—hase reaction) gives the product. 


[x (^ OH, 
HC Hore HC E 
$4.3 2 i (а) Ме 4. е i (b) ! 4 (с) 
ү, C—CHCH;CH;CH — СН, —» роне, — HC С, —- 
HC HC + OH, nc ° 
HO —H OH, HO: 
| 3 9. r 3 
HC І T7 B6 „т 0-90 
HC | HC * 


Why. in step (5). would a tertiary carbocation be converted into a secondary one? Because in 

c» this particular process a 77 bond is also replaced by a « bond. А g bond is much stronger than a 
7 bond — strong enough to compensate for the formation of a secondary carbocation. In other 
wards, the energy reduction from o-bond formation is enough to offset the energy increase 
from formation of a secondary carbocation. 


4.68 (a We refer to the alkene on the lett. 2.3-dimethyl-1-butene, as A. and the alkene on the right, 2.3-dimethyl- 
2-butene. as B. Compound B is favored at equilibrium because it has the lower АС. (This alkene is 
more stable hecause и has more alkyl substituents on its donhle bond à The equilibrium constant is 


obtained from Eq. 3.36b on text p. 110. Define Keg as BIAHA]: 


К & 10 AG 72.3087 Р 109: €3:19/5:71) = 19°43 = 3.49 


(b) The equilibrium constant tells us nothing about how rapidly this interconversion takes place. For 
example. in the absence of a catalyst, the rate of this interconversion is essentially zero. However. this 
reaction does occur at a convenient rate in the presence of an acid catalyst, as suggested by Problem 4.64. 


4.69 (а) First draw the structures of the two compounds: 
CH; 
H.C = CHCH,CH, н;с=С 


1-Ъшепс CH, 


{ 
2-methylpropenc 


B 


2-Methylpropene has two alkyl substituents on its double bond. whereas 1 -Бшепе has only one. Because 
alkyl substituents on the double bond stabilize an alkene. 2-methylpropene is the more stable of the two 
alkenes. 

(b) The reaction with the smaller standard free energy of activation (AG?*) is faster. Consequently, hydration 
of 2-methylpropene is faster. 
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ў transition state (А) 


———————————————— 


x kJ mol! 


t transition state (В) 


reaction coordinate 


Figure SG4.7 Reaction free-energy diagrams to accompany the solution to Problem 4.69. 


(c) Let I-butene = A. and let 2-methylpropene = В. The reaction-free energy diagrams for hydration are 
shown in Fig. 564.7. (Only the first. rate-limiting, step of the mechanism is shown in each diagram.) 


(d) | Let x represent the difference in transition-state free energies, as shown in Fig. SG4.7. The diagrams in 
this figure require the following equality: 


13.4 + AG? (A) =x + АСВ) 


Rearranging. and recognizing that the difference between the standard free energies of activation (given 
in the problem) is 22.8 kJ mol |. we have 


AGHA) - AG" (B) = 22.8 = x - 13.4 
Solving for x gives 
х= 22.8 + 13.4 = 362 КІ тог! 


Thus. the transition state for hydration of 1-butene is 36.2 kJ mol”! less stable than the transitior state for 
hydration of 2-methylpropene. From Sec. 4.9B. the mechanism of hydration involves a carbocation 
intermediate, and the first step, protonation of the double bond to form this intermediate, is rate-limiting. 
In the case of 2-methylpropene, the carbocation intermediate is tertiary: in the hydration of |-butene, it is 
secondary. Tertiary carbocations are more stable than secondary carbocations. Because the transition 
states resemble the respective carbocations in structure and energy (Hammond's postulate). the transition 
state for formation of the more stable carbocation is the more stable transition state, as observed. 


This problem can be framed in terms of two reaction coordinate diagrams. To do this for methylenecyclobutane 
requires a knowledge of the standard free energy of activation for its hydration. Letting the hydration of 
methylenecyclobutane be reaction А, and the hydration of 2-methylpropene be reaction В. we use Eq. 4.33b on 
text p. 164 to obtain 


ra 
log 


—— | = y = 2] ЭҢ o—————À щш — 
mie, log(0.6) = -0.222 


230RT Sel 


zi AG; - AG? АС - АС; 
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1 transition state (A) 


5 
Z 
= 
z 


si 


19.3 kJ mot! 


reaction coordinate 


Figure SG4.8 Reaction coordinate diagrams to accompany the solution to Problem 4.70. The starting alkenes 
are placed at the same energy for comparison. The numbers in italics are calculated graphically from either the 
numbers given or calculated in the problem 


or AG,°? — AGp® = 1.27 kJ mol. With AGé^* = 91.3 kJ mol |, then АСд° = 92.6 kJ mal”. 

Next, we need to convert the relative hydration equilibrium constants for reactions A and B into relative 
standard free energies. A similar equation applies. (This can be derived by combining two equations like Eq. 
3.36a on text p. 110.) 


E АС - AGS! 5 56 - AG; 
os| zt «log(250) = 2.40 = — E — Aa A 
A, 2.30RT 5.71 
or AG,° = -19.3 kJ mol ' We can now construct reaction coordinate-free energy diagrams for the two 


reactions, which are given in Fig. SG4.8. We have enough information to calculate the standard free energies of 
activation for the reverse reactions, which are shown in italic type in the figure. Because the standard free 
energy of activation of the reverse of reaction А is larger, it is the slower reaction. The relative rates are 
calculated from Eq. 4.33b on text p. 164: 


rate ,- 
log 
rate , 


AG, - AG? _ 15 
-—+__*_ 2" 2263 
230RT 571 


The reverse of reaction B is therefore 10? sa or 427, times faster than the reverse of reaction A. 
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Addition Reactions of Alkenes 


STUDY GUIDE LINKS 


LT 5.1 Transition Elements and the Electron-Counting Rules 


Equations 5.21a-e in the text involve the element mercury. which is a transition element. If you 
have been paying careful attention to formal charges and electron counts, you may be puzzled 
about how to deal with an element such as Hg. First, don't try to apply the usual rules of electron 
counting to transition elements, because these elements contain more than eight valence electrons, 
and the octet rule does not apply. (We'll discuss electron counting in transition elements in Sec. 
18.5.) It's also hard to calculate formal charge by the rules given in Chapter 1 because transition 
elements have more than eight valence electrons, and we can't show them all without making a 
hopelessly complea-looking structure. In Eq. 5.21а, we've shown as an unshared pair only two of 
the ten valence electrons on mercury in Hg(OAc);. However. we can calculate the change in the 
formal charge on an element in a reaction by applying the following rules of formal-charge 
calculation: 


1. Any electrons in unshared pairs on an atom are both assigned to the atom. 

2. One electron from cach electron-pair bond is assigned to an element. 

3. The change in formal charge on an element in any reaction is equal to the number of electrons 
assigned to the element in the starting material minus the number in the product. 


(These rules are completely consistent with the formal-charge rules you've already learned. and 
work on anv atom.) 

Let's apply thesc rules to calculate the formal charge on Hg in Eq. 5.21b (text p. 190). We are 
given that Hg in the structure on the left (and in structure A) has a formal charge of zero. 
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only one electron of this bond 
is assigned to Hg; 


therefore Hg has lost an 
electron and must have 
acharge of +1 


both unshared electrons 
are assigned to Hg 


Coe 
:Hg—OAc у #90-04 Hg—OAc 
step 1 * | - e step 2 AN, -5 
R—CH=CH, —“~» R—CH—CH, :ОАс —P*—» R—CH—CH, :ОАс 
Given: Hg has A B 
formal charge = 0 


Now consider how the formal charge on Hg is affected by the reaction in step 2. In species A. both 

unshared electrons and one electron in each covalent bond are assigned to Hg. for a total of 4 

electrons. In species В, 3 electrons (one from each covalent bond) are assigned to Hg. The change 

in charge is 4— 3 = +1. Given that Hg has zero charge in А. it must have a +1 charge in B. 
Contrast this equation with the similar process for bromonium-ion formation: 


only one electron of this bond 
is assigned to Br; 


both unshared electrons therefore Br has lost an 
are assigned to Br electron and must have 
f^ | a charge of +1 


m ‘= | PN 


Mechanistically, mercurinium-ion formation and bromonium-ion formation are identical. 


5.2 Howto Study Organic Reactions 


You have now studied several organic reactions. and perhaps it is apparent that you are going to 
study many more. How can you keep all these reactions straight? How can you recall just the 
right reaction to use in solving a particular problem? 

There are four keys to learning reactions; each of these points is discussed further below. 


Be active when you read the text. 
Be organized. 

Review frequently. 

Study in small chunks. 


юнә 


Be active when you read the text. To see what this means, let's go through one section of the 
text right now. Open your text to p. 190. Section 5.4А. "Oxymercuration- Reduction of Alkenes." 
This section is fairly typical of those in the text that describe important reactions. First comes a 
statement of the reaction. When you read this, be active! Try to make a hypothesis about where 
the different atoms come from. (The use of color in the equations is designed to help you with 
this.) For example. where does the —OH group in the product of text Eq. 5.20 originate? Where 
do the two —OAc groups end up? If you think you have the right idea, write the same reaction 
using a different alkene starting material. 

Next, the text provides a few practical facts about the reaction, for example. some information 
about the solvent or the reaction conditions. These details can be very important. even crucial (in 
which case the text will say so), or they might be added for completeness or for your later use as 
reference material. In most cases. you should rcad them but not bother to memorize them, because 
the object of our first pass through the chapter is to understand the reaction itself. 

Next follows a discussion of the mechanism of the reaction. What should you do with the 
mechanism? What you should not do is memorize it. What you should do is to follow each step of 
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the mechanism to see whether your hypothesis about where the various atoms come from in the 
product is correct, and how they get there. 

Here's an important point about curved-arrow mechanisms—a point we have already 
introduced in Chapter 3. Each step in a curved-arrow mechanism must he one of three types. 


a Lewis acid-hase association (text p. 88) 

a Lewis acid-base dissociation (text p. 89) 

an electron-pair displacement reaction (text pp. 90-91) 
а. a Bronsted acid-base reaction (text p. 96) 

b. another electron-pair displacement (text pp. 90-91) 
c. acombination of (a) and (b) 


oA 


Now is a good time to review Scc. 3.4B on pp. 98-100. You will rely on this section а for in 
studying reaction mechanisms. 

Reactions of type (1) and (2) require single curved arrows. Reactions of type (3) require two 
or more curved arrows. Reactions of type (3a) involve by detinition electron-pair displacements 
on à proton. As you examine а mechanism, classify each mechanistic step using the list above. 
Then look for points in common with other mechanisms. For example. all of the alkene reactions 
you have studied so far start with the 77 electrons of an alkene reacting as a Lewis base (a 
nucleophile or a Bronsted base) with an elecuophile. Then consider the reactive intermediates. if 
any (for example. carbocations). Ask where you have seen such intermediates before. 

One purpose of mechanisms is to help you see certain unifying ideas that seemingly different 
reactions have in common. (You may have noticed, for example, that carbocation theory keeps 
creeping into the discussion of many of the addition reactions you have studied.) As you go 
further along in the text, you might even try to write a mechanism on your own before looking at 
the one in the text. (Use the instructions in Problem 4.65, text p. 179, to help you.) Comparing 
your mechanism to the one in the text will help you to refine your mechanism-wriüng skills. 
Finally. after studying the mechanism. be active! Start with a different alkene starting material 
and write the mechanism on your own. 

Once again: you should лог have to memorize the mechanism. After analyzing cach step as 
suggested. and after writing a few mechanisms on your own. you will begin to gain an intuition 
about mechanisms that will help you to avoid memorizing—and will help you eventually to 
predict reactions! 

Sometimes there are further applications of the reactions or additional facts—sort of a “wrap- 
up." For example. Eq. 5.24 illustrates the point that no rearrangements are observed in oxymer- 
curation. 

Finally come the problems. Working problems is the most important thing vou can do to 
master organic chemistry. The answers to the problems in the text are provided in this manual. 
You might be tempted to read the answers before you work the problems. Instead, work problems 
immediately when you come to them, and work them with this manual closed! These provide a 
valuable test over your understanding of the chemistry involved. Put a mark by the ones you find 
difficult; re- work these problems before an exam. 

As you read the section, you may come across certain unfamiliar terms. For example. in the 
very first sentence of Section 5.4A is the term "addition." Do you know what this means? The 
great temptation is to skip over unfamiliar terms, hoping that they will become clear in context. 
This strategy often works when reading a novel, but you can до this in scientific reading! You 
must understand each term before proceeding to the next. Ask yourself, "What is an addition 
reaction?" If you don't know, don't feel that you're intellectually deficient—just find out the 
answer. Everyone requires a number of repetitions in order to learn new ideas. (The author can't 
Keep repeating the definition. because it would make the book even larger than it is!) How do you 
find out? Use the index! Or. in some cases, a cross-reference to an carlier section will be given. 
Look it up! If you get in the habit of taking this approach, you will find yourself retaining тоге, 
and you ultimately will have to do less work. If an unfamiliar term is one you have had to look up 
before. make yourself a glossary: Write the term and its definition in vour own words—not 
necessarily the words of the text—and review it periodically. One prominent theory of learning 
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says that students construct their own knowledge. What this means is that until you have 
processed somethirg in your own mind you don't know it. Hence. when you see a new term, read 
the definition; process it (that is, frame it terms that you can understand, no matter how 
unsophisticated you might think your descnption is), and then write it (that is. be active). In 
summary, here's what you should be doing: 


Read 
Process 
Write 


wn — 


If you do what has been suggested, you'll notice that you have been very active. You have а 
piece of scratch paper on your desk, and it should be filled with notes and structures. 

Two other suggestions: First, do net underline (or highlight) large sections of the text! This 
represents an effort to be active, when in fact it represents in many cases physical activity coupled 
with mental passivity. If there is something you really want to emphasize, then by all means, 
highlight away! Otherwise. don't bother. It's a waste of time and effort. Second, if you outline 
the chapter. don't go into an “autopilot” mode: think about what you write. and don't passively 
copy sections of the text. Pretend you are a teacher and that you're writing the outline for 
someone who can’! understand the text at all. This Study Guide has also provided outlines of the 
reactions for you. Use these for a quick review, but don't let them substitute for your own efforts 
to organize the material. 


Be organized. After you have studied a reaction, write it down in a general form for later review. 
One good way is to make flash cards. Write the reactants on one side of the card and the products 
on the other side. Write two arrows. one on each side. Use "R" groups or "dangling bonds" to 
make the reaction as general as possible. Let's illustrate. Flash cards for oxymercuration- 
reduction might look as shown in Fig. SG5.1 on the following page. 

Cards | and 2 summarize the individual steps of oxymercuration and reduction. Card 3 is a 
summary card for both steps. Card 4 is used to test whelher you know the conditions for bringing 
about the reaction; or, in reverse, whether you know the transformation for which a given set of 
reagents is used. Card 5 is a "term" card, which you may want to separate out with other cards 
containing definitions of terms. Each time you learn a new reaction, make a new group of flash 
cards. Notice above that not only the individual reactions of oxymercuration and reduction have 
been entered, but also a summary reaction. The choice of one “R” group is arbitrary: you might 
instead use an alkene starting material R.C—CH—R. The point here is to use enough “R” groups 
that the regioselectivity of the reaction is apparent. Notice also that the reactions are not balanced; 
the goal is to focus on what happens to the organic compound. 

Each time you finish a study session. look at one side of each card. and complete the other 
side on a piece of scratch paper. Then, with the other side in view, complete the first side. (Notice 
that the arrow bearing the reaction conditions is repeated on both sides of the card for this 
purpose.) You should find that this process helps you learn reactions in both directions. This 
knowledge will become particularly valuable when you start combining reactions in multistep 
syntheses. Next, ask yourself why the reaction is reasonable. For the oxymercuration step, you 
should recognize that the reaction is an addition. Go through the mechanism. What is the 
electrophile? Why does it react with the alkene 7 electrons? Why is the reaction regioselective? 
(Note that the text does not cover the mechanism of the reduction step.) Then write a specific 
example of the reaction using R groups of your choice. Make examples that use cyclic 
compounds. 

If you do this every time you read, and if vou understand what you read, then what you are 
doing here is not memorizing the reactions. at least not in a rote fashion. because you will have 
already learned them by careful study. Rather. you аге cataloging them for use as a future study 
tool. If you can't complete one side or the other of a reaction, look at the missing side. If it looks 
unfamiliar, return to the text and focus exclusively on the part that is unfamiliar. 


nahual May be uploaded fled winout permiwan of ‘ u Mnd ме a piene 1p //peaple pharmacy putdue аск 


STUDY GUIDE LINKS: CHAPTER 5 111 


Review frequently. Review your reaction sheet every time you study! Go back about three 
assignments for each review. dropping older material from your review. Then review the older 
matcrial again once cvery week or two, or right before an exam or quiz. (This gives you 
something active to do in preparing for an examination.) Do the same thing with the list of terms. 
You will find that relatively few reactions and terms are covered in each assignment, and that 
learning each day's assignment takes relatively little time. If you get behind. however. the number 
of reactions and terms that must be learned will grow rapidly! A nice feature of flash cards is that 
they can be shuffled, so that you can review them out of context. (You might want to number your 
cards so you can return them to their original order.) 


OH  HgOAc 
R—CH—=CH, ate WOT сома OTHE, pb dy 
Card 1 
(frant) (back) 
OH шы OH 
| NaBH,. N H | 
венно: ee МЕРАМА. аво Card 2 
(front) (back) 
1) Ha(OAc) H10 1) Ho(OAc);. H0 "ü 
Ha, NaOH , 
(front) (back) 
OH 
? | 1) Ha(OAc);, H20 
R— CH=CH, —3 R—CH —CH; 2) NaBH, NaOH a Card 4 
(front) (back) 
1) HglOAc);, HO 
2) NaBH, NaOH 
T3 у Hs >. 
oxymercuration-reduclion R—CH=Ch; OH Card 5 


| 
(fronti бас) R—CH —CH; 


Figure SG5.1 Five flash cards used to study oxymercuration-reduction. 


Many students and professors suffer from adherence to a theory that one of the author's 
colleagues calls the "immunization theory of learning." The student's version of this theory is: 
“Eve studied this material once. and therefore | should never have to see it again ... ever.” The 
professor's version of the theory is, "Students have studied this material once, and therefore they 
should automatically know it. There is no need for me to review. and a student should have total 
recall of everything he/she has ever been taught." Those who adhere to the “immunization theory" 
deny a fundamental caveat about learning: Continued reinforcement is one of the best ways to 
learn. The author finds that students are sometimes frustrated because they didn't learn something 
on the first pass. You should expect to forget material, and you should expect to re-learn it, 
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probably more than once. Each relearning, however, takes less time and brings with it deeper 
understanding. What would happen to the college basketball team if the coach taught them a play 
once and they never reviewed it before a game? What would happen to a musician who practiced a 
piece once before a concert? Why should studying chemistry (or anything else, for that matter) be 
any different? 


Study in small chunks. Set realistic goals for each study session and pursue them regularly. If 
you can only afford six hours per weck, it is far better to study six times per weck for one hour 
than one time for six hours. If you can allow twelve hours per week, then break it into six two- 
hour sessions. Notice how this strategy is built into the discussion of the flash cards above: you 
should study your flash cards over and over again. but confine your concentration to relatively 
small numbers of them except for general reviews. 

If you have ever played an organized sport, or studied a musical instrument seriously, you 
should understand the "small chunk" strategy well. Does the coach of a winning team hold one 
ten-hour practice per week, or five two-hour practices? Why? Because the mental and physical 
leaming capacities of most individuals erode significantly as fatigue sets in. Does a skilled 
performer on a musical instrument practice once per week for twelve hours, or six times per week 
for two hours? 

What is remarkable is that when you stay organized and study in small chunks, your capacity 
for further study increases! Just as an athlete's endurance increases with regular workouts, your 
ability to concentrate for longer periods of time will increase. Just as an athlete's speed and skill 
increase with each workout, you will also find that you will become more efficient: you will 
accomplish much more in less time! 

The suggestions given here for learning reactions are not the only ones that will work. But if 
you are at a loss about how to study organic chemistry on your own, try these suggestions, and 
then refine them tc suit your own needs. The author has actually tested these suggestions on his 
class, and has determined that student grades are significantly improved when students follow 
these suggestions. 


5.3 Solving Structure Problems 


Before working Problem 5.47 in the text, be sure you have read Study Guide Link 4.3 (also called 
"Solving Structure Problems"). 

Problem 5.47 contains a lot of information. The temptation is to solve this problem from the 
top down. It bears repcating that this is not usually the best way to deal with this type of problem. 
What is known about A? [ts formula indicates an unsaturation number of 3. Its reactions with Bro, 
H,/catalyst. and O, all suggest that A is an alkene. Immediately you should look for a structure. 
Two structures are given in the problem. one in words. the other explicitly. The hydrogenation 
product of A is l-isopropyl-4-methylcyclohexane: 


М 


t-isopropy!-4-methylcyclohexane 


This tells us immediately the carbon skeleton of А. Only the double bonds are missing. This 
structure further implies that A contains a ring. Remember that the ring accounts for one degree of 
unsaturation. How many double bonds does compound A have? 

The second siructure given in the problem is the ozonolysis product. Remember that 
ozonolysis produces мо C—O groups for every double bond in the molecule. However, in this 
ozonolysis product, there are three C=O groups. But there are also nine carbons. Evidently, one 
carbon and one C=O group are missing. This means that the missing carbon is part of the missing 
C=O group. and that а one-carbon fragment was liberated by ozonolysis as a second product 
which was evidentiy not recovered. This conclusion is consistent with the unsaturation number. 
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which indicates thet there are two double bonds. Two double bonds, after ozonolysis. gives four 
C=O groups. 

This information establishes a partial structure for А: compound А must contain a —CH; 
group. Such à group can come from the known carbon skeleton in only two ways: 


OK * OX 


(li (2) 


Because A contains two double bonds. one additional double bond must be provided to convert 
either (/) or (2) into possible structures for A. From the ozonolysis product. this double bond must 
be within the ring, because ozonolysis opens the ring. Now it is time to write all the possibilities. 
(Recall that this point was stressed in Study Guide Link 4.3.) From (7) the only possibilities for A 
are the following: 


4 j { 4 ) 4 4 y { 
(1-0) (1-2) (1-3) 


From (2) the only possibilities arc the following: 


MOM HORA 


(2-1) (2-2) 


There are two ways to finish the problem. One is to apply ozonolysis to each of the five 
structures and see which one gives the observed product. Notice that the observed product 
contains two acetyl groups: 


О 
| 
C— CH, 
an acetyl group 
Which structures would give two of these groups after ozonolysis? You should finish the problem 
hy deciding between these. 
The second way to finish the problem is to reverse ozonolysis mentally in all possible ways. 


The carbons involved in double bonds have to be the ones "labeled" with oxygens. These are 
carbons 1, 2, and З іп the following structure of the ozonolysis product: 


i i i 
| | | 
нс — C— CH;CH;— CH — СН, C — OH H—C— OH 
| | : і 
3C=0 the one-carbon fragment 
CH, 


(The missing carbon. which evidently gives formic acid. is referred to as carbon-4.) Once again. 
write out all posstbilities. All possible connections are: 
l. CI with C2, C3 with C4 


2. CI with C3, C? with C4 
3. CI with C4, C2 with C3 


All but one of these possibilities can be ruled out by recalling that compound A has to contain a 
six-membered ring. The only structure for A that has a six-membered ring is obtained by 
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connecting СІ to C2. Hence, C3 and СЗ are also connected. You should finish reconstructing 
compound A. (The final solution is in the "Solutions to Additional Problems" part of this chapter. 


FURTHER EXPLORATIONS 


5.1 Mechanism of Organoborane Oxidation 


Although the oxidation step of hydroboration-oxidation may seem strange. it is nothing more than 
a series of Bronsted and Lewis acid—base reactions. 

First. the hydroperoxide anion is produced hy ionization of Н.О». As you can see from the 
pK; values below, this ionization is quite favorable when ОН is used as the base: 


S 


“H—Ö—ÖH —* HÜ—H + Ö—ÖH 
pA, = 11.6 pA, = 15.7 hydroperoxide 


anion 
Next. this anion reacts with the boron of the organoborane in a Lewis acid-base association 
reaction. (The alkyl groups on baron are abbreviated as R groups.) 


RB- —:0—0H ——> RB—Ö—ÖH 


hydroperoxide 
anion 


An alkyl group on boron moves from boron to oxygen with breaking of the (very weak) bond 
between the two oxygens and loss of the OH group: 
È Ре 
RB—Ö—ÖH ——» RB—ÜÖ—R + ÖH 
R 


This is the step thai replaces a carbon-boron bond with a carbon-oxygen bond. Why wouid such a 
reaction occur? 

Let's use the device of imagining that this process occurs in a stepwise manner. The O—O 
bond is very weak. because two electronegative atoms are "pulling" at the bonding electrons. 
Imagine that OH is expelled. leaving an efectron-deficient oxygen: 


AE 


—0--0H ——> RB—Ö*t + ÜH 


i RN 


an clectron-deficient oxygen 


5. 


The electron-deficient oxygen is like а carbocation, except with much higher energy. (Notice: this 
is not the same situation that occurs in H40:*, which is лог electron deficient!) This very unstable 
cation can rearrange by taking electrons from the adjacent C—B bond: 


6,8 —Ó* = RB—O—R 
| 
R 
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Thus. the driving force for this rearrangement is the flow of electrons from the relatively 
electropositive boron to the very electronegative oxygen of OH. as well as the neutralization of 
chargc. 

In subsequent steps of the reaction, the bonds between the other R groups are converted in a 


similar manner to R—O bonds: 
the same 
mechanism 
OR 


RjB—Ü—R ~~» до B— OR 
a trialkyl borate 


Finally, the resulting trialkyl borate undergoes hydrolysis to the alcohol product. The final 
hydrolysis hrcaks the boron-oxygen bonds but leaves the oxygen-carbon bonds unaffected. 


OR 
PT viv HO se 
4 :0H + 5 Bye эъ 3H —UR + B(OH), 
RO OR 
Try to write a stepwise mechanism for this hydrolysis. The first step is the Lewis acid-base 
association of OH with the boron of the tnalkyl borate. 
5.2х Mechanism of Ozonide Conversion into Carbonyl Compounds 


The conversion of ozonides into carbonyl compounds can also be rationalized by a series of 
electron-pair displacement reactions. Dimethyl sulfide acts as a nucleophile toward an oxygen 
electrophile in the O—O bond, displacing the other oxygen. A series of electron-pair displace- 
ments eventually liberates dimethyl! sulfoxide. an oxidation product of dimethyl sulfide. 


"77 3S(CHj); 


vm cÜ: :0 — S(CHj); 
RCH CHR DRE RCH CHR =e 
b 4 ro 
U^ EN ` 

:0: c9 — (СНз); 

RCH + CHR ——— RCH + :6—S(CHj» 
36/55 кз 
л "У: dimethyl sulfoxide 


A similar series of reactions can occur with water as the nucleophile. 
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"mu "I 
0—0: :0: — OH; 
\ e 
RCH CHR — RCH CHR = 


+ 10—09, =~ но —ӧн 


hydrogen 
peroxide 


Hydrogen peroxide is produced as a by-product of this reaction. (Water is literally oxidized by its 
reaction with the ozonide.) Aldehydes are easily oxidized by hydrogen peroxide (or other 
oxidants, such as the ozonide) to carboxylic acids. This involves the nucleophilic reaction of 


hydrogen peroxide at the aldehyde carbonyl carbon. 


—:03 б: 
ind | 


RCH ——> вс—0—бн === RC—0—0H —| RC—OH «> RC—ÓH 


Мори 


М H 7 v resonance structures of 
HO — OH i a carboxylic acid 
migration of H „д 
to an electron-deficient + :OH, 
oxygen 


The key step in the oxidation is the migration of the aldehyde hydrogen to an oxygen. This is 
much like the migration step in organoborane oxidation, which, as shown in Further Exploration 
5.1. can be viewed as a migration to an electron-deficicnt oxygen. The hydrogen rather than the R 
group migrates because the resulting "carbocation" (which is simply a resonance structure of the 
carboxylic acid) is stabilized by the alkyl substituent. 


5.3 Bond Dissociation Energies and Heats of Reaction 


Study Problem 5.5 on text p. 214 shows how bond dissociation energies can be used to calculate 
heats of reactions: subtract the bond dissociation energies of the bonds formed from those of the 
bonds broken. This study guide link shows why this process works. 

Essentially. this is a Hess's law calculation. This can be illustrated by using bond dissociation 
energies to calculate the ЛА" of the following gas-phase reaction: 


-CH; + Ch C Ci — CH; + -Ci (FES.1) 


The term "bond dissociation energy" will be abbreviated with the acronym "BDE" for 
convenience. The bond formed is a H.C—CI bond, with ВРЕ = 350 kJ mol`’. The bond broken is 
a CI—CI bond, with BDE = 239 kJ mol^'. The AH" for the reaction, then, is 239 - 350 =-111 KJ 
mol |. 

The reaction in Eq. FE5.1 сап be viewed as the sum of the following two reactions and their 
associated AH? values. 


AK 
«СН + СІ —3 CI—CH; -BDE of CI—CH; 
Ch —» 20: BDE of Cl, 


Sum: -CH + Cl ——™ CI—CH, + -Cl — BDEofCh-BDE of CCH, 
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As this equation shows, the AH” values are simply the BDEs of the bonds involved. Because the 
first reaction is simply the bond dissociation of НС —СІ written in reverse, its ДА is the negative 
BDE of H3C—CI. Thus. the total ДН? is then the BDE of the bond broken less the BDE of the 
bond formed. 


|| | REACTION REVIEW 


1. CONVERSION OF ALKENES INTO HALOGEN-CONTAINING COMPOUNDS 


A. ADDITION Ol CHLORINE AND BROMIN: 


1. Bromine and chlorine underga addition to alkenes to give compounds with halogens on adjacent carbons 
called vicina] dihalides. (X = Br or Cl) 


WM | | 
/ ^ | | 


2. The rapid disappearance of the red hromine color during bromine addition is a useful qualitative test for 
alkenes. 
3. The equilibrium for addition of l favors the alkene. Addition of Е occurs, but the reaction is violent and is 
accompanied by other reactions. 
4. Bromine addition to alkenes in many cases involves a reactive intermediate called a bromonium ion. 
a. In a hromonium ion, a positively charged bromine with an octet of electrons is honded to two other 
atoms in a three-membered ring. 


b. Reaction of the bromide ion as a nucleophile at either of the carbons bound to bromine in the 
bromonium ion completes the addition of brominc. 


* 
Вг: Èr: 
К, \ sÀ б 
CC —- `e 
LX "E 
ri 


B. FORMATION OF HALOHYDRINS 


1. When an alkene reacts with Cl». Bro, or l in a solvent containing a large amount of water, water reacts as a 
nucleophile with the cyclic ion. (X = CI, Br, or I) 


X: X: 
pr C а c 
INi А 
H,0: 
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2. Loss of a proton from the oxygen in a subsequent Brensted acid-base reaction with the solvent gives a 
compound containing both an —OH and a halogen (—X group) called a halohydrin. 


: X: 
` + \ / 
“с с —= 6 + b с 
Mie ^ Ho: * 


> Q 
Hð: ~H a halohydrin 


p 


Halohydrins are compounds that contain both a halogen and an —OH group. 

b. The reaction is completely regioselective when one carbon of the alkene is bonded to iwo alkyl 
substituents and the other is bonded to two hydrogens: in such cases, the OH group is goes to the carbon 
with two alkyl substituents, and the halogen goes to the carbon bearing the hydrogens. 


C. FREE-RADICAL ADDITION OF HYDROGEN BROMIDE TO ALKENES 


1. Alkenes react with hydrogen bromide in the presence of peroxides so that the bromine adds to the less 
branched carbon of the double bond. (The "less branched" carbon is the carbon with fewer alkyl 
substituents.) 


ide 
R Н ott frae-ridcal R ү 
HBr + С=с — == —e u-C-C-B 
кон R H 


a. This reversal of regiosekctivity in HBr addition in the presence of a peroxide is termed the peroxide 
effect. 
b. This mechanism involves reactive intermediates called free radicals. 


YQ yb. 


le 0] : ER 
MD —— ee ee 
/ 0 


2. The regioselectivity of HI or НСІ addition to alkenes is not affected by the presence of peroxides. 
Il. CONVERSION OF ALKENES INTO ALCOHOLS 


А. OXYMERCURATION-REDUCTION OF ALKENES 


1. Alkenes react with mercuric acetate in aqueous solution to give addition products in which an —HgOAc 
(acetoxymercuri) group and an —OH (hydroxy) group derived from water have added to the double bond: 
this reaction is called oxymcercuration. 

a. The first step of the reaction mechanism involves the formation of a cyclic ion called a mercurinium 


10n. 
:бАС :ÜAc 
Hg | 
H/A “2 Hg" “OAc 
\ 1 / :QAc / 
{ЛҮ К і 
H R н H 
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b. The solvent water reacts as a nucleophile with the mercurinium ion exclusively at the more branched 
carbon. (The “more hranched" carbon is the carbon with the greater number of alkyl substituents.) 


:DAc :ӦАс 


H;Ó: 


c. The addition is completed by a Bronsted acid-base reaction in which a proton is transferred to the 
acetate ion that is formed in the previous step. 


ва. .. H AcÓ — Hc H 
AcO Hg DR o М LR 
C—C” a = “ee + HOAc 
wy : / X 
H \ QAc H 
E К. a 
H 


2. Oxymercuration adducts are converted into alcohols by treatment with the reducing agent sodium 
borohydride (NaBH) in base. In this reaction, the carbon—mercury bond is replaced by а carbon-hydrogen 


bond. 
AcO — Hg H H H 
\ LR мвн, ‘ \ LR 
wf N09 7 wf ^ 
H OH H OH 


3. The overall reaction sequence, called oxymercuration-reduction, results in the net addition of the elements 
of water (H and OH) to an alkene double bond in a regiosclective manner. 


a. The —OH group is added to the more branched carbon of the double bond, and the hydrogen is added 
to the less branched carbon. 


b. The product is free of rearrangements and other side reactions that are encountered in hydration. 


CH; 1) Hg{OAc)/H,0 CH; OH 
2) NaBH,/ ^ OH Fd 
но 01-е. 288 H,C—C— CH— CH, 
Í | 
CH, CH, 


B. HYDROBORATION- OXIDATION OF AI KENES 
1. Borane (BH) adds regiosclectively ta alkenes sa that the horon goes to the less branched carbon of the 
double bond. and the hydrogen goes to the more branched carbon. 
a. The addition of BH; to alkenes, called hydroboration, occurs in a single step without intermediates— 
that is, by a concerted mechanism. 
b. In many cases. onc borane molecule can add to three alkene molecules; the product is a trialkylboranc. 
| 


вн, + 16-0 ——» ES B 


3 
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2. Trialkylboranes are oxidized to alcohols with basic hydrogen peroxide. Н.О. The net result of this 
transformation is replacement of the boron by an —OH in cach alkyl group. 


D og) Wu H H 

| Í 1 | ее | | 

н-6—С+в AA. Br + borate salts 
| 

\ H HJ H H 
3 


3. The overall reaction sequence. called hydroboration-oxidation. results in the net addition of the elements of 
water (H and OH) to an alkene in a regioselective manner. 


a. The —OH group is added to the less branched carbon atom of the double bond: a hydrogen is added to 
the more branched carbon of the douhle bond. 


b. The product is free of rearrangements and other side reactions that are encountered in hydration. 


CH; 1) BH, dns Он 
2) нон 
H;c—C—CH=CH, ы, нс—С—Сн,—Сн, 
CH; CH, 


C. COMPARISON OF METHODS FOR THE SYNTHESIS OF ALCOHOLS FROM ALKENES 


1. Hydration of alkenes is a useful industrial method for preparing a few alcohols, but it is not a good 
laboratory method. 

2. Hydroboration-oxidation is a good laboratory method that gives ап alcohol in which the 
—OH group has been added to the less branched carbon of the double bond and а —H has been added to 
the more branched carbon. 

3. Oxymercuration-reduction is а good laboratory method that gives an alcohol] in which the 
—OH group has been added to the mare branched carbon of the double bond. 

Ill. OTHER REACTIONS 


A. OZONOLYSIS OF ALKENES 


1. The reaction of an alkene with ozone to yield products of double-bond cleavage is called ozonolysis. 
2. Ozone, Оз. adds to alkenes at low temperature in a cancerted cycloaddition reaction (о yield unstable cyclic 
compounds (you may see these compounds referred to as molozonides). 


„227 «Со 
EE n Mee AA 


3. This initial cycloaddition product is unstable and spontaneously forms the ozonide. 


g^ o \ On / 
We 7 CES 


an ozonide 


4. If the ozonide is treated with dimethyl sulfide. (CH4);S. the ozonide is split into products that contain a 
C=O group. 
a. Ha carbon of the double bond in the starting material bears a hydrogen. an aldehyde is formed. 
b. Ifa carbon of the double bond bears no hydrogens. a ketone is formed. 
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H H R 
To d (CH;},S Р. > 
ee. quu. — — Re. 9 SR 
/ D / 
0—0 
ап aldchyde а kctonc 


5. If the ozonide is treated with water and hydrogen peroxide (Н›О.). carboxylic acids arc formed instead of 


aldehydes. 
H R OH R 
У SA н.о, 4,0 / \ 
\ NY " 
b—d о б 
з carboxylic acid а ketone 


B. FREE-RADICAL POLYMERIZATION OF A. KENES 


l. In the presence of free-radical initiators such as peroxides, many alkenes (monomers) react to form 
polymers in a reaction called polvmerization. 


H H 
M LU 
n H,C=C polymenzation С—С 
ч d 
н @/, 
vinyl chloride poly¢vinyl chloride) 


a. Polymers are very large molecules composed of repeating units. 

b. Polyethylene is an example of an addition polymer—a polymer in which no atoms of the monomer unit 
have been lost as a result of the polymerization reaction. 

c. Polyethylene formation occurs by a free-radical mechanism and is thus a free-radical polymerization. 


from thc 
initiating radical 


| | (^ | 
n-1 N n 
THLRMAL CRACKING ОГ ALKENLS 
2. Simple alkenes are produced industrially from alkanes in a process called thermal cracking. which breaks 


larger alkanes into a mixture of smaller hydrocarbons, some of which are alkenes. 
3, Ethylene, the alkene of greatest commercial! importance. is produced by thermal cracking of ethane. 
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E SOLUTIONS TO PROBLEMS 


Solutions to in-Text Problems 


Sel (a) The iodine is the electrophile, because it adds to the carbon of the double bond with fewer alkyl 
substituents. This result does seem to fit the electronegativity pattern for electrophilic addition, as 
nitrogen is considerably more electronegative than iodine. 

(b)  Theless electronegative group (1) adds to the carbon of the double bond with fewer substituents. and the 
more electronegative group ( Br) adds to the carbon of the double bond with more substituents. 


(CH,).C ES: CH, 
| 


Br | 
5:2 (a) Тһе reaction of Br; with 2-methyl-1-hexene follows the pattern in Eqs. 5.11 and 5.12 of the text. 
s. A, 
á B Ër: CH 
:Br: :Br: 
/ х2 Hk 
H.C =C(CH,),;CH, э» H,C—C(CH,),CH, ——» НС —C(CH;4CH; 
| | 
CH; .. _ CH; :Br: 
:Br: 


2-methyl-1-hexene 
(b) The mechanism involves a bromonium ion intermediate, formed as shown in Eqs. 5.11 on text p. 185. 
Water reacts as a nucleophile at the carbon of the bromonium ion that has the greater number of 
substituents. (See Eq. 5.16. text p. 187.) 


A 


:Br— Br: . 17 „ :Br: а 
uen Bris, :Be CH, ~ :Br: сњ 
<= | | 
H;C = C(CH,),;CH; —_> HC —C(CH,);CH, —» H;C — C(CH,),CH, —— H;C a C(CH;4CH; 
| d e | 
CH . CH Н —0:-.. :OH 
: H;0: ; 7 : -1 
2-metbyl-I-hexene Hs —:6H, + Hj :Br 


In the last step. you might have used Вг as the Bronsted base to give HBr as the product. This would 
constitute a salisfactory mechanism. However. НО“ Вг” is the actual form of HBr in aqueous solution. 
and water, as the solvent, is present in much higher concentration than bromide ion. In other words, HBr 
is the product, but it is fully ionized in to H,O” Вг in aqueous solution. 

(c) Because iodine is the electrophile in iodine azide (as discussed in the solution to Problem 5.1(a)), an 
iodonium ion is formed. Ап azide ion reacts with this cyclic ion to give the product. 
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"S 
ras № + „+ 
N TACS 11: Сн; 
YI y^ | 
H;C-—C(CH;4CH, ——= НС —;С(Сн,),Сн; ——= H,C—C(CH,),CH, 
| ^ | 


f 
CH; ss UR CH; Ns 
3 
2-methyl-1-hexene 


CR, -uN-—N-N:) 


structure of the azide ion 


5:8 The alkene that could be used to form chlorohydrin В is methylenecyclohexane: 
CH;CI 
CH; 
dh СЫ e Ko e ФЕ + На 
В 
5.4 (a) In this part. the double Бола is symmetrically placed in the molecule; so. regioselectivity is not an issue. 


1) Hg(OAc);. HO Pu. 
Q 2) NaBH,, NaOH _ ( | 


cyclohexene 
(h) 
Га 
1) Hg(OAc);. Н.О 1. 
(CH),C— CHCH,CH, — NB. NaOH V (CHO;CCH;CH;CH, 


2-methyl-2-pentene 


(c) In this case. two constitutional isomers are fonned because each carbon of the double bond has the same 
number of substituents—one. 


Hse, Fa 1) HglOAc);, HO оч OH 
C =C 2) NaBH, NaOH » CH,CHCH,CH(CH;), + CH4CH;CHCH(CH;); 


H CH(CH4); 
(£)-A-methy1-2-pentene 
555 When 3-methyl-1 -butene undergoes acid-catalyzed hydration, rearrangement occurs because carbocation 


intermediates are involved. (See the solution to Problem 4.36.) Oxymercuration-reduction gives addition 
without rearrangement because the intermediate is a cyclic mercurinium ion, which does not rearrange 


OH CH, 


Oa: HOC CH CH; 
CH, / | 
CH, 
H,C —CH—CH=CH, 


3-methyl-I-butene \ 


2) NaBH,. NaOH cM eno 
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5.6 (a) Either of the following alkenes would give the alcohol in part (a) as the major product: 
ý i 
| 
CH3CH;CCH;CH; or CH43CH;C— CHCH; 


2-ethyl-1-butene 3-methyl-2-pentene 
(either E or Z stereoisomer) 


(b) 
[>—сн=сн, 


cycloprapylethylene 
5:7 (a) 


1) ВН, THF T 
ьт 
(CH)C—CcHCH,CH, 2-22 Ss (cH) ,CHCHCH,CH; 


2-methyl-2-pentene 


(b)  Inthis part and in part (d). the double bond is symmetrically placed in the molecule; so. regiosclectivity 


is not an issue. 
1) BH, THF ~ ОН 
Q дњо, H. (^ Y 


cyclohexene 


(c) In this case, two constitutional isomers are formed because each carbon of the double bond has the same 
number of substituents—onc. 


нс н 1) BH, THF OH OH 
p 4 2| HO; “OH 


| | 
md CH,CHCH,CH(CH;), + CH jCH,CHCH(CH;), 
H CH(CH;} 


(E)-4-methyl-2-pentene 


(d) 
CH;CH, CH:CH3 1) gu, THF P 
с=с A Oy 09. CH,CH,CHCH,CH;CH, 
н н 
cis-3-hexene 
5.8 The products of hydroboration—oxidation are the same as the ones in parts (b) and (d) of Problem 5.4. In both. 


the alkene is symmetrical; consequently, regioselectivity has no meaning. In part (c). the carbons of the double 
bond have the same number of alkyl substituents: consequently. there is no reason to expect significant 
rcgioselectivity. However, the relative amounts of the products in each case could be different. 


5.9 (a) 
1) ВН,, THF 
2) HzO» OH 
methylenccyclohexane 
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(b) 
1) BH, THF 


CH,CH,C—=CHCH, DUM, 


CH;CH,CH — CHCH; 
CH, CH, OH 


3-methyl-2-pentene 


5.10 (a) Because the OH is placed symmetrically in the alcohol, cither reaction would work: cyclopentene is the 


starting alkene. (Acid-catalyzed hydration also works.) 
Qo 


cyclopentene 
(b) Тһе only possible alkene starting material is 5-methyl-L-hexene: only hydroboration-oxidation will put 
the OH on the carbon of the double bond with fewer substituents. 


1) BH, THF 
2) Н,0,, “OH _ 


1) BH), THE 
2) H,0;, "OH 


1) Hg(OAc);, H;O 
2) NaBH,, NaOH 


SNS 


| 
5-methyl-1-hexene 
(c) Тых alcohol has to come from 3-ethyl-2-pentene: only oxymercuration-reduction will bring about the 
desired conversion, because the OH group must end up on the carbon of the double bond with the greater 
number of substituents. (Acid-catalyzed hydration also works.) 


1) Hg(OAc);. H;O 


CH.CH,—C—CHCH, IS (бел зон 


CH,CH; 


SAA 


3-ethyl-2-pentene 


5.11 (a) Because cis-2-butene is a symmetrical alkene, it reacts to give the same product in either 
oxymercuration-reduction or hydroboration-oxidation. 


HC CH, OH 
/ 


\ hydroboration-oxidation | 
Pe жшн TE we CHGHCHIGH: 
H H 


cis-2-butene 


(b) Because |-methylcyclohexene has different numbers of alkyl branches at the carbons of its double bond, 
it gives different products in the two reactions. 


CH; 
CH; 
hydroboration-oxidation = 
I-methyleyclohexene 
OH 
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oxymercuration-reduction OH 
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5.12 (a) 
Сн;):5 
CHCH— ссн,сн, —2= Ss CHCH=0 + O= CCH;CH, 
| | 
Сн, CH, 
3-meths1-2-pentene 
(b) 
CH 
Она e tie De + one 
methylenecyclohexane 
(c) 
1 [e] 
HC {н 
о. (CH)S IUD 


€yclooctene 


id) — 2-Methylpentane is an alkane: because it has no double bond. it does not undergo ozonolysis. 


5.13 (a) 
ў 
CH CH снн, Sg, UE. CHOR. + о=ссңбн, 
CH; CH; 
3-meths1-2-peniene 
(b) 
(0) 
о. но, | 
CH, —> — => о + HC—OH 
methylenecyclohexane 
(с) 
о О 
| | 
HOC OH 
O, NN Wi 
cyclooctene 
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(d)  2-Methylpentane is an alkane: because it has no double bond. it does not undergo ozonolysis. 


(a) (b) (c) 
CH; 


CH4CH;CH;CH == CHCH;CH;CH; 
I-methylcycloheptene cis- or trans-4-octene 


As the solution to Problem 5.14(h) illustrates. E and Z isomers of an alkene give the same ozonolysis products. 
Therefore. ozonolysis cannot be used to determine the stereochemistry al the alkene double bond. 


The addition of ozone to 2-pentenc gives an initial cycloaddition product, similar to Eq. 5.34. 


Пк 0. 4758 
"1 c \ 
CH,CH— CHCH;CH; CH,CH — CHCH,CH; 
2-pentene initia] cycloaddition product 


Eq. 5.36a shows how an initial cycloaddition product ta break down into an aldehyde and an aldehyde oxide. 
This particular compound can break down in two ways, leading to two sets of products. 


"Nw 7 0. 
7 “Ory O: "ATO 
"X M | [| 
CH;CH——CHCH,CH; ——> CH3CH CHCH;CH; 
acctaldehyde propanal oxide 
or 
co О: :0+ О: 
ae \ | 
CHCH — CHCH;CH; ——— CH3CH CHCH;CH; 
acetaldchyde oxide propanal 


According to Eq. 5.366, turning an aldehyde over and recombining it with an aldehyde oxide gives an ozonide 
as a product. Acctaldehyde (an aldehyde) can be flipped over and combined with propanal oxide (an aidehyde 
oxide) to give ozonide B. 


ör Üx 
grt ч CHOH, :О ^ “CHCH; 
—— 
ке à 4 CH;CH,CH — О: 
propanal oxide acetaldehyde ozonide B 


Propanal can combine with acetaldehyde oxide to produce the same product. 8. Make sure you can use curved 
arrow formalism to illustrate this process. 


Additionally. acetaldehyde can combine with acetaldehyde oxide to produce ozonide A. Finally. 
propanal and propanal oxide can combine to form ozonide C. 
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Or 0 
c 4*7 N CHCH, :0% * CHCH, 
\ | —= \ | 
CHCH 0 CH;CH — О: 
acetaldehyde oxide acetaldehyde ozonide A 
б, б 
2/3 ARN 
:04 CHCH,CH, :QÉ ^ “CHCH,CH; 
C | — ax! 
CH3CH;CH :0 CH4CH;CH — О: 
propanal oxide propanal ozonide C 
Sal? (a) 
A > 
(CH3sC — С(СНа)з ——> 2(CH3sC- 
(b) 
б: 
(CHÉ CH  —> (Chk — cns & 
(c) 


НС — CH = CH — CH = CH, 


| mé SE CHS CHS cH on: 


As part (c) demonstrates, the fishhook notation, like the curved-arrow notation, can be used to 
derive resonance structures. 


EQ ET TN 
R CH CH —= В. + H,C=CH, 
5.18 (a) This reaction is heterolytic, because it requires movement of electron pairs. 
«eens о „= 
:№==с: CHCH; ——» :N**C—CH;CH; + :Вг: 


i 


* 


(b) This reaction is homolytic, because it involves movement of single electrons. 


CH.CHOH —= CH,CHOH + H—OCH; 
er 2^ 


5.19 The initiation step, shown in the problem, produces a bromine atom. This adds to the 7r bond in the first 
propagation step to give the free radical A. 
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HCH, | ——» H,C—CH,Br 
A 


In the second propagation step, the radical A reacts with Вг to give the addition product. 1,2-dibromoethane. 
and a bromine atom. which can begin the propagation cycle again. 


di: 


3d 
H.C —CH,Br ——» BrCH,—CH,Br + -Br 


f 1.2-dibromoetlhianc 


does not happen! The reason is that the initiating radical is present in trace amounts, whereas 
the reactant Hr» is present in large amounts. Be sure to read Study Problem 5.4 if you missed 
this point. 


74 Radical А could form the product by reacting with another initiating radical Bre. But this 


5.20 (a) Тһе first initiation step is shown in Eq. 5.50. text p. 206. In the second initiation step. the radical 
produced in the first initiation step abstracts a hydrogen atom from HBr: 


т H 
NC—C(CH;), ә NC—C(CHj, + -Br 


The bromine atom then adds to the лт bond of cyclohexene in the first propagation step (7); the resulting 
radical then reacts with HBr in the second propagation step (2) to give the addition product. 


^. i) Br (2) Br 
I: “OF - Pe ms t > І + -Br 


(b) Three possible recombination products are A. B. and С, formed by the following recombination 
reactions. All of the radical reactants are chain-propagating radicals in the reaction mechanism of part 
(а). The chances of these steps occurring is very small, so these products are typically observed only in 
very small amounts at the end of the rcaction. 


2Br- —» Br—Br 


A 
Br 
Br Br Br 
‘C= Or OF 

| | Вг 

Вг : 

C 

B 


5.21 (а) 
H;C—CHCH,CH;CH, + HBr -#9®®©. Весн, — CH,CH;CH;CH; 


l-pentene 1-bromopentane 
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(b) In this case. both of the two possible reaction pathways involve secondary free radicals. Recall. however, 
from the text that the regiosclectivity of free-radical HBr addition is controlled in part by steric factors. 
Hence, the Br goes to the less congested side of the double bond. 


HC H 
с=с + HBr Pa PE, CHERCHER, + CH,CH,CHC(CH 
/ | 
(E FA A-dimethyl-2-pentene 4-bromo-2,2-dimethylpentane 3-bromo-2,2-dimethylpentane 


(the major product) 


(a) The free-radical intermediates in the propagation steps of the peroxide-promoted HBr addition to 
methylenecyclopentane: 


| X= CHBr and Br 


(b) The free-radical intermediates in the propagation steps of the peroxide-promoted HBr addition to l- 
methylcyclopentene: 
Br 


/ 
p 


— CH, апа Вг. 
m / 


(a) One H—CI bond (431 kJ mol!) and one H,C—Cl bond (350 KJ mol !) are formed: and one H,C—H 
bond (439 kJ mol!) and one CI—CI bond (239 kJ mol`’) are broken. As shown by Eq. 5.69 on text p. 
214, subtract the bond dissociation energies of the bonds formed from those of the bonds broken to 
obtain the desired estimate for АН°. 


AH* = 239 + 439 – (431 + 350) = -103 kJ mol"! 


(b) Two CI—CH; bonds are formed (355 kJ mol”! each): a CI—CI bond (239 kJ тої!) and a carbon-carbon 
7 bond (= 243 kJ mol") are broken. 


AH? = 239 + 243 – 2(355) = 228 kJ mol`! 


(a) Calculation of the AH? values involves subtracting the bond dissociation energies of the bonds formed 
from those of the bonds broken. as in the solution to Problem 5.23. In the second propagation step. a 
secondary C—H bond is formed. and an H—Br bond is broken. 


AH? = 368 – 412 = -44 kJ mol"! 
(b) Тһе corresponding calculation of АН? for НСІ is 
AH^ 2431 - 412 = «19 kJ mor! 


(c)  Asnoted in the text. endothermic propagation steps are much slower than exothermic ones. Because the 
second propagation step of the free-radical addition of НСІ is endothermic, it is too slow to compete with 
the very exothermic recombination reactions that effectively shut down the chain mechanism. 


The second propagation step in which Br is abstracted rather than H involves formation of a secondary C—Br 
bond rather than a secondary C—H bond; the bond broken (H— Br) is the same. Hence, we use the calculation 
in the solution of Problem 5.24(a). except that the bond dissociation energy of a C—Br bond is substituted for 
that of a C—H bond. The closest value in Table 5.3 is the bond dissociation energy of (CH ));CH— Br. 309 kJ 
mol '. The required AZ? is therefore 


AH" = 368 – 309 = 59 kJ mol! 
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Hence, abstraction of Br is a very unfavorable process energetically (AH? >> 0). whereas the abstraction of Н is 
a very favorable process (AH? < 0). As is usually the case in free-radical reactions. the relative enthalpies of the 
processes govems their relative rates. Hence, abstraction of Н is much more favorable, and therefore is much 


faster. than abstraction of Br. 


(a) (b) 
/ CO;CH; 
| 
= -CH; FS C " 
сњ CH; — CH 
n n 

polv(methyl methacrylate) poly(vinyl chloride) 
Solutions to Additional Problems 
(a) (b) (c) (d) (е) 

Br ni oy CH;CH; ые а | " $ b i 

HCOH HO —C — CH;CH 2 

CH;CHCH;CH; 0—0 o= CHCH;CH, 20013 
(f) (g) (h) (i) (j) 

H Br | [à CH4CH;CH;CH; Br H B(CH;CH;CH;CH4). 

aul | 

CH;CHCH;CH; CH;CHCH;CH; CH;CHCH;CH; 

T 
OH | 
| 
CH;CHCH;CH; 

(k) d) (m) (n) (0) 

HOCH;CH;CH;CH, AcOHg OH OH I | 

| 


| | | | 
CH,CHCH,CH,  CH,CHCH,CH, CH;CHCH,CH;  CH,CHCH,CH; 


In part (0). there is no "peroxide effect" on Hl addition: that ts, free radical initiators such as peroxides or AIBN 
have no effect on the regioselectivily of HI addition. Only HBr addition is subject to the peroxide effect. 


(a) (b) (c) (d) (e) (f) 
CHCH; CH,CH; | о CO; CH;CH; 
~ О | 
Вг CoL. /~€—CH;CH; — /7- C— CHCH, TRO Br 
Br 0 NC —H NC — 0H 
| | 
О 0 
(g) (h) (i) Q) (k) 
CHCH; CH,CH; CH,CH, CH;CH; CH;CH; 
OH Cy H 
B OH 
| Вг А 
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а) (m) (n) (о) 
CH,CH; CH;CH; CH;CH; CH;CH; 

a 0" 6 C 
HgOAc 


In part (о), there is no “peroxide effect" on HI addition; that is, free radical initiators such as peroxides or AIBN 
have no effect on the regioselectivity of HI addition. Only HBr addition is subject to the peroxide effect. 


5:29 (a) Any alkene with six carbons and a symmetrically-placed double bond is an acceptable answer. Three 
examples are the following: 


Q С > CH; CH4CH;CH 2 CHCH;CH; 


cis Or trans 


(b)  Toanswer this, you have to imagine double bonds at all possible places within the same carbon skeleton. 


(d) (f) 
CH; CH; | ] Ө снснсн= CHCH,CH; O 
CY and LI cis or trans 


5.30 
Жее е or o” 
онус CHCH;CH;CH; н xoxo, © Us аа. — CHCH;CH; 
нс. P m cis or trans 
T EorZ 
5.4 (а) с) 
сон 
(4) (е) 
CH3CH; H 
\ / 
С=С 
Ў X 
H3C CH;CH; 
(either stereoisomer) OH 


5:32 (a) This alcohol can be prepared by oxymercuration-reduction of 3-ethyl-2-pentene: 
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(b) 


(c) 


(d) 


(e) 
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1) Hg{OAc),, НО OH 


CHCH —C=CHCH; Seer 


| 
CH;CH, 


3-cthyl-2-pentenc 


Remember that reaction schemes in which the reagents are numbered over the arrow mean 
two separate reactions. Thus. in the reaction above, the starting alkene reacts with Hg(QAc), 
and water: then, in a separate reaction, NaBH is added. Because there are two reactions, the 
intermediate compound that reacts with NaBH, is not shown: what is it? When you write 
synthetic schemes this way. be sure to number the reagents. Hf you were to write the 


following: 


Hg(OAc);. H20 


| 
CH,CH, — C —CH;CH; 


CH;CH; 


OH 


| 
CH,CH,—C—CHCH, — MO » — cH,cH,—C—CH,CH, 
| | 


CH;CH; 


it would mean that the Hg(OAc);. НО, NaBH,. and NaOH are added to the reaction mixture 


at the same time. This would nof give the desired product. 


This alcoho! can be prepared by hydroboration—oxidation of I-hexene: 


1) BH;, THF 
2) H,0;. “OH 
H,C=CHCH,CH,CH;,CH, Dm: 


]-hexenc 


HBr. peroxides 


CH;CH; 


H;C = CHCH;CH;CH; — Вг — CH;CH;CH;CH;CH; 


I-pentene 


This bromohydrin can be prepared by the reaction of 2-ethyl-1-butene with Bra in aqueous solution. 


OH 


| 
Bi © 
CH,CH,—C—CH,CH, — +2 сн,сн,—С—Сн,Сн, 


| 


| 
CH; CH;Br 
2-cthyl-1-butene 
Br Br 
Br | | 
CH;CH =C—CH,CH, ——- CH4CH—C — CH;CH; 
| | 
CH, CH, 
3-methyl-2-pentene 
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(f) | Ozonolysis of 1-methylcyclohexene followed by treatment with (CH3);S would give the desired 


compound: 
|| 
Sl S (CP. H— осн Сн, 
CH; 


1-methylcyclohexene 


(g) 
| I 
[^W Se Aa. uo. Ссн,С — 0H 


cyclopentene 
(h) The addition of HBr to |-pentene will give the desired alkyl bromide: 
Br 


HC = CHCH;CH;CH, “@= CH,CHCH,CH,CH, 


1-pentene 
() 
H;. РУС 
CH,CH,—C=CHCH, ——— CHICHIGHCH CH, 
CH;CH; CH;CH; 
3-ethyl-2-pentene 
5:33 (a) This transformation can be carried out by hydroboration-oxidation in which the source of deuterium is 
BD,. 
1) ВО, THF 
2) H;O,. “OH 
н;С= CHCH;CH(CH;); SS HOCH; — CHCH,CH,(CH;), 
| 
3-methyl-1-pentene D 


(b)  Anoxymercuration-reduction on the alkene used in part (a) gives the desired compound. 


1) Hg(OAc);. H;O 


2) NaBD, NaOH _ 


H;C = CHCH;CH(CH;); HC — CHCH,CH,(CH;), 
T 


4-methyl-I-pentene D OH 


5.34 The product depends on the nucleophile (Nuc:) that reacts with the bromonium ion. which is formed by the 
mechanism shown in Eq. 5.11. text p. 185: 


* Br: 

/N a 
H;C—CCH;CHs .:Br: 
2 ^ HCH) :В 

CH 
ка 2 
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(a) Тһе nucleophile is the bromide counter-ion; the product is the bromine addition product. 


*Br: :Br: CH, 
/\> 
H;C —CCH,CH3 — =  H;C—CCH;CH: 
i | 
| CH; :Вг: 
:Вг: 


(b) The nucleophile is a water molecule from the solvent. and the product is a bromohydrin. 


Br * Bris, :Br: CH :Br: CH, 
IN | | » " 
H;C —CCH,CH, — > H.C —CCH,CH, —Á H;C — CCH;CH; +H — OH; Br 
РА 2 | E | * 
( CH, Br HÓ-—H« —- :ОН; HO: (ionized form of 
H,0: U HBr in water) 


(c) Тһе nucleophile is a molecule of the solvent methanol; the mechanism is analogous to the one shown in 
part (b). We leave it to you to complete the mechanism. 


т CH; 
H,C—CCH,CH, + Снн, Br 
| 


(ionized form of 


214^. 
Ci те" НВг in methanol) 


(d) — When the solution contairs both methanol and bromide ion, both nucleophiles compete for the bromide 
ion. Which one "wins" the competition depends on their intrinsic effectiveness as nucleophiles and on 
their relative concentrations. If the bromide concentration is high enough. the product will be lazgely the 
dibromoalkane shown in the solution to part (a). At lower bromide concentrations the product will be a 
mixture of this dibromoalkanc and the ether shown in the solution to part (c). 


5:35 The reasoning is similar to that used in the solution to Problem 5.34. The product depends on the nucleophile 
that reacts with the mercurinium ion. 


4. 22 OAc 

Ae. 

a. — 
H;C —CH(CH2CH; AcO: 


Nuc: 
(a) This is the usual oxymercuration-reduction product, in which water reacts with the mercurinium ion. 
(The mechanism is shown in Eqs. 5.21c-d. text p. 191.) 


H;C — CH(CH;);CH; 
| 


*OH 
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(b)  lsopropyl alcohol is the nucleophile that reacts with the mercurinium ion. and the ultimate product is an 


ether. 

_ OAc „ “ 
*Hg e шй; кй. 

\ 2 ‹ 
HC—CH(CH;.CH, Ac; — НС —CH(CH,);CH; — Hic о oe 
~ | 
\ (Сн):Сн 0—9 бас (CH) CH—0: 
(CH;),CH — ÔH U 


+ H—ÓOAc 
H,C —CH(CH;),CH; 
(CH3;CH — Q: 
(c) — In this case, the nucleophile is the either the acetate ion ( OAc), the counter-ion of the mercurin:ium ion. 


which is the conjugate base of acetic acid. or acetic acid itself. The product is an ester. (We leave it to 
you to complete the mechanism.) 


HgOAc 
| МаВн, ы | | 
H;C РН = НС = ОА ОАс = a" 
OAc OAc 0 


5.36 (a) Only the first two products are formed in the absence of peroxides. and only the third is formed in the 
presence of peroxides. Different products are formed because different mechanisms and reactive 
intermediates are involved under the different conditions. 

(b) The mechanism for the formation of the first two products is identical to that shown for reaction of the 
same alkene with НСІ in Eqs. 4.26 and 4.27a-b. text p. 159. except that HBr is used instead of HCI. The 
first product results from a carbocation rearrangement. and the second from normal regioselective 
("Markovnikov") addition. The third product is the consequence of a free-radical addition mechanism. 
the propagation steps of which are as follows: 


P^ 


£X hy cf н в 
(CH4C —CH=CH, (Вг —> (CH,)3C — CH —CH; = (CH34C — CH;— CH; + Br 
| 


| 
Br Br 


(The initiation steps are shown in Eqs. 5.49 and 5.51 on p. 206 of the text.) 


(c) Peroxide-promoted addition is in competition with normal addition and rearrangement. The normal 
processes occur at the same rate at which they occur in the absence of peroxides. The fact that only the 
product of peroxide-promoted addition is observed. then, mcans that this process is much faster than the 
other, competing. processes. 


5.37 (а) (b) 
reactive product reactive product. 
intermediate: CH.CH CH, intermediate: CH.CH CH; 
CH; 3 ASA Br 3 2а) Br 
Stern C сна „СНз C 
С M as y C+ | 
К: | Br joe 8r l ш. 
E нс CH; 
a bromonium ion а carbocation 
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(c) (d) 
reactive product: reactive product: 
intermediate: CH intermediate. CH 
CH ка А 3 OH iu К 3 H 
CH3CH 3 es CH3CH i 
3 \\ б 3 s „©з T 
"EN "VC go | Ы 
C 
H^ “од р CHjBr 
a mercurinium ion а free radical 


5.38 (Be sure to read Study Problem 5.4.) Because the CF, group has added to the carbon of the double bond with no 
alkyl branches. the radical “СЕ; must be the first one that adds to the alkene. The radical that results fram this 
addition abstracts an tadine atom from СЕ to give the product. 


А 


-—— 


/ \ \ ы F, А 
CH4CH;CH;CH = CH; ——  CH3CH;CH;CH — CH;— СР, 


EV l 


$ | 
CH,CH;CH;CH — CH;— СЕ, — СН:СН,СНСН — CH;— CF; + -CF; 


5.39 (a) Because carbon—carhon bonds are weaker than carbon-hydrogen bonds (see Table 5.3, text p. 216), a 
carbon-carbon bond should break more easily. Breaking of a bond to any of the methyl groups ipathway 
(1) below) gives a methyl radical and a tertiary free radical. Breaking of the central carbon-carbon bond 
(pathway (2) below) gives two tertiary free radicals. Because process (2) gives two tertiary radicals, it is 
the one that should occur most readily. 


| 
НС — C —- C СН 
gu з pe VES. 7 


CH, CH, a CH, CH; ~ CH, CH, 
HC—C—(- + «CH Ho—O- sC — CH, 
| [ 

CH, CH, CH, CH; 


(b) Тһе cracking of 2,2.3.3-tetramethylbutane [as shown in part (a). pathway (2)] is faster because it gives 
two tertiary radicals: the cracking of ethane, in contrast, gives two methyl radicals. The bond that breaks 
to give the radical with the greater number of alkyl substituents is the weaker bond. and is therefore the 
bond that is more easily broken. 

(c) The AH* for the reaction in part (a) is the difference between the heats of formation of products and 
reactants. Thus, 


AH" = 2 AHPCC(CH3)3) - AH/(2,2,3,3-Aetramcthylbutane) 
= 2(51.5) – (-225.9) = 328.9 kJ mol! 
The AH? for the cracking of cethane is 
AH? - 2 AHPCCH;) – AHyXethane) 
= 24 146.6) – (-84.7) = 377.9 kJ mol ' 


This calculation shows that the cracking of ethane is 49 kJ mol ! less favorable than the cracking of 
2.2,3,3-tetramethylbutane This demonstrates quantitatively the assertion in part (b). namely. that 2.2.3.3- 
tetramethylbutane undergoes cracking more readily. The underlying assumption is that the free energies 
of activation and enthalpies of the cracking reaction аге similar. 
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5.40 


5.41 


5.43 
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(a) 


(b) 


(a) 


(b) 


(c) 


(a) 


(b) 


(a) 


Ozonolysis breaks the polymer at its double bonds: 


—Ch, CH;— CH; CH,— 110, CH;— CH; 

1 / \ 2) H,0, / \ 

f =C С = e. — о ——=» o=C c=0 
HC н HC H OH H;C 


Because the £ and Z isomers of alkenes give the same ozonolysis products, gutta-percha is evidently 
either the all-E stereoisomer of natural rubber or a polymer containing both £ and Z alkene units. (In fact. 
it is the all-E stereoisomer.) 


н, I" ү, 


gutta-percha 


The dissociation of ethanethiol at the C—S hond gives the *SH radical and the ethyl radical. From Table 
5.2. text p. 212. we find that the AH of the ethyl radical is 121.3 kJ mol! Therefore. the bond 
dissociation energy is 


AH' = AHPCSH) + AH/CCH;CH3) ~ AH/(ethanethtol) = (143.1 + 121.3) - (46.2) = 310.6 kJ mol! 
The reaction of cthanethiol with the tert-butyloxy radical is 
CH;CH;S — H -O—C(CH;, —À СНСН:5. + H—O—C(CH,), 
ethancthiol tert-butyl alcohol 


By Eq. 5.69. text p. 214. the AH? of this reaction is the bond dissociation energy (BDE) of etharethiol 
minus the BDE of tert-butyl alcohol. In Table 5.3, text p. 216, the closest BDE to that of tert-butyl 
alcohol is the BDE of H—OCH ; (methanol), 438 kJ mol^'. The BDE of H—SCH,; (methanethiol), 366 
kJ mol '. is the closest approximation to that of ethanethiol. The AH? of the reaction is then 

366 438 = 72 kJ mol '. Because the reaction is exothermic. it should be a good source of free radicals. 
The first propagation step is (by analogy with Eq. 5.56b, text p. 209) addition of the ‘SR radical to a 
double bond, which breaks a carbon-carbon 7 bond (243 kJ mol!) and forms a carbon-sulfur bond 
(from part (a). -307.5 kJ mol !). The AH? of this step is 243 — 308 = -65 kJ mol. The second 
propagation step is (by analogy with Eq. 5.56c) formation of a carbon-hydrogen bond (-423 kJ mol ') 
and breaking of a sulfur-hydrogen bond (366 kJ mol`’). The AH? of this step is 366 — 423 = 

—57 kJ mol '. This calculation shows that both propagation steps are exothermic; therefore, both are 
reasonable propagation steps. 


The H—CN bond is stronger than the O—H bond, the abstraction of a hydrogen atom from HCN by the 
tert-butoxy radical is endothermic by 528 — 438 = 90 kJ mol”'. (These numbers are from Table 5.3 with 
the bond energy of CH ,O—H as an approximation for that of (CH;);CO—H.) The first initiation step, 
formation of the tert-butyloxy radical from a peroxide. is also endothermic. Because both initiation steps 
are highly endothermic. the reaction is not likely to generate a high enough concentration of radicals to 
initiate a chain reaction. 

This propagation step involves breaking an H—CN bond (528 kJ mol!) and formation of a secondary 
carbon-hydrogen bond (412 kJ mol '). The AH? of this step is 528 – 412 = +116 kJ mol '. This step is 
highly endothermic and therefore not reasonable as a propagation step. 


In the general reaction, the C—H bond of methane and the X—X bond of the halogen are broken; the 


C—X bond of the alkyl halide and the H—X bond of the hydrogen halide are formed. The overall 
energetics of the reactions are as follows, in kJ mol ': 
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Breaking of — Breaking of Formation of Formation of Overall energy 
C—1 bond X—X bond H,C—X bond 11—X bond change (АА?) 
X=Cl 439 239 ~350 —431 -103 
Х = Br 439 190 -302 -368 -41 
X=] 439 149 -241 —297 +50 


These calculations show that chlorination and bromination are exothermic, whereas iodination is 
endothermic. Consequently, iodination does not occur because it is energetically unfavorable. 

(b) Because the iodination reaction is energetically unfavorable, its reverse is energetically favorable. 
Consequently, H— (from the trace of acid) reacts with H,C—1 as follows: 


H—I + H,C—I =| + GH, 


As this equation shows, icdine is formed in this reaction. 


n eU 


5.45 (а) As the bond dissociation energies in Table 5.3 of the text show, secondary C—H bonds are weaker than 
methyl C—H bonds (412 versus 423 КІ mol 1), Therefore, this process is favorable by about 11 kJ mol it 
(b) The secondary radical becomes one of the chain propagating radicals, thus forming a branch. 


continues adding to 
more ethylene —-— -CH, 


<i | 
сн) CH; 
CH -.. Ai CHN, 
— (CH;CH;), — CH; CH;CH;CH;CH; — (CH;CH;), — CH; CH;CH;CH;CH; 


5.46 (a) Тһе structure of polystyrene: 


CH —CH; - ү ЧЕ ze 
| 
Ph A 


polystyrene 


(b) Because both "ends" of L,4-divinylbenzenc can be involved in polymer formation, addition of 1.4- 
divinylbenzene serves to connect, or crosslink, polymer chains. Such a crosslink is shown with bolded 
bonds in the following structure: 


crosslink 
Ph 
| 


Notice that because only a small amount of 1,4-divinylbenzene is used, divinylbenzene does по! 
polymerize with itself. 
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Crosslinks are introduced into polymers to increase their strength and rigidity. 


5.47 A dctailed discussion of the approach to solving this problem is found in Study Guide Link 5.3. Compound A is 
limonene, a natural product obtained from the oils of lemons and oranges. 


limonene 


(compound A) 


5.48 Compound A has the connectivity of octane: because it has an unsaturation number U = | and reacts with 
bromine. it is an alkene. The ozonolysis results show that compound A is 4-octene. 
CH4CH;CH;CH—CHCH;CH;CH;. Because the double bond is located symmetrically, only one ozonolysis 
product is formed. Ozonolysis cannot determine whether the compound is cis or trans. 


5.49 (a) — Protonation of the double bond gives a tertiary carbocation, which undergoes a Lewis acid-base 
association reaction with one of the oxygens within the same molecule. 


"is :OH, 


HC HC 
C—CH, CHCH—CH, —> CH (онон CH, — 
HC с HC ( е 
7x " N 
CH; CH, 
" HC uc- н 
HO: ^ "uot CH;CH—CH; == :0 CH,CH=CH, + H,0° 
^ AN 1 
СНОН CH,OH 


(b) The nitrogen within the same molecule reacts as a nucleophile with the bromonium ion intermediate. The 
bromonium ion is formed by the mechanism shown in Eq. 5.11 on text p. 185. 


H 


|, 
Br —— Вг- 


:Вг: 
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(c)  Inthe first part of the mechanism. a sulfonium ion is formed by a nucleophilic reaction of the 7 electrons 
of one double bond with the sulfur in sulfur dichloride. (This process is analogous to the formation of a 
bromonium ion.) The chloride ion liberated in this step then reacts at a ring carbon to open the sulfonium 
ion. The process is then repeated, except that the process is intramolecular. 


:5: —> $: —— —» 
et Ng TN cs 
Cl: CI: $: A 
T NS 
Cl: 
ó à 
е » 
C: :ü 


An isomer of the prcduct shown could also be formed. What is it? Consider the last step. Once 
you ve tried to work it out for yourself. see part (d) below for an analogous explanation. 


(d) The oxygen of a hydroxy group introduced in the oxymercuration reaction of one double bond serves as 
the nucleophile in the opening of the mercurinium ion formed at the second double bond within the same 
molecule. Two products are farmed because the oxygen can react with the mercurinium ion at either of 
two carhons. 


HÖ: ^ HgOAc нб, HgOAc 
(a) D) 
p». 

AcO 

HgOAc HgOAc HgOAc HgOAc 

4 10Ac —- + + HOAc 
(by-product 
of oxymercuration) 
HgOAc AcOHg HgOAc АсОНО 
from (a) from (b) from (a) from fb) 


{The acetate ion is a by-product of the first step of oxymercuration; its reaction with the protonated ether 
is shown only for (5).] Treatment with NaBH, replaces the mercury with a hydrogen. 


HgOAc HgOAc H H 
NaBH 
HgOAc AcOHg H H 
from (a) from (В) from (a) from (5) 
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(e)  A'CBr3 radical formed in the initiation steps adds to the double bond: the resulting radical then abstracts 
a bromine atom from Br4C— Br to propagate the chain. 


Br s 


| 
BC RC - CH(CH;«CH, —» BnC— "n "CHCHsCH; —» BrnC—CH;— CH(CH;&CH, + -CBr 


Br 


(f) The initiation step. reaction of the thiol with an alkoxy radical formed by homolysis of a peroxide, is 
shown in Eq. 5.56a. text p. 209. The radical produced in that step adds to the 7 bond of the alkene so as 
to produce the tertiary free radical. and this radical reacts with the thiol to propagate the chain. 


H 
CH; бн “у 
OR — Q DEN Cu. + -SCH,CH; 
*SCH,CH; SCH;CH; SCH;CH; 


Be sure that you did not form the product by a recombination of two radicals; see the discussion of Eq. 
5.57 in Study Problem 5.4. text p. 209. 


(g)  Homolysis of the O—C] bond gives a chlorine atom plus an alkoxy radical. which then undergoes a 


reaction that E the ring to give a new radical A. 


an re | 
ote Urs CH;CH; ——= — CH,CH,CH;CH;CH;— C —CH,CH, 


4 
+ С. 


Radical A then reacts with the starting material to regenerate the alkoxy radical. which propagates the 
chain. 


fe 
O— c V CHCHCHCH,CH,— i —CH,CH, 


Cre а = 
О О 
с—сн,снусн,снусн,— L — CHCH, + [T CH,CH; 


5.50 (a) The methyl radical reacts at the carbon of the double bond with fewer substituents because this mode of 
reaction gives the more substituted radical, and because the less-substituted carhon is the least sterically 
hindered site of reaction. (For ethylene. in reaction А. only one product is possible.) 


(reaction A) H,C=Ch, + .Сн, —— -CH,CH;CH; 
(reaction В) (СНС =СН, -CH, ——» (CHj,6— CH;CH, 
(reaction С) (СНА) С =CHCH, + -CH ——> (CH3): — CH(CH;), 

(b When we compare reactions B and A. we see that two methyl groups at the site of the radical accelerate 
the reaction modestly. This is probably due to the stability of the free radical (tertiary versus primary) 
and the reflection of this stability in the transition state for its formation (Hammond's postulate). It might 
be surprising that the effect an rate is so modest. However, if you consider the effect of substituents on 


alkene stability (Table 4.1. text p. 150) and the effect of substituents on free-radical stability (Tzble 5.2. 
text p. 212), you can see that these effects are not very different. Remember that relative rates reflect the 
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difference in standard free energy of transition states and reactants. Because branching affects both 
starting material and transition state in the same way. and because the effect is of a similar magnitude in 
both alkenes and free radicals, the residual effect on the transition state is rather modest. 

When we compare reactions В and C, we start with a more substituted alkene in В and go :o an 
identically substituted radical in both cases. This should lower the energy of the alkene starting material 
more than that of the transition state. [f so, reaction C should be slower—again. not because the 
transition state is higher in energy, but because the starting material is lower in energy. (When you climb 
two energy mountains, the top of the mountains may be at the same elevation above sea level. but if the 
base camp is lower for one mountain. then that mountain requires a greater climb.) In addition. a steric 
effect operates on reaction С that does not operate on reaction В, because the carbon at which reaction C 
occurs is more substituted. This would tend to raise the energy of the transition state for reaction C and 
lower thc rate, as observed. 


The structure of disiamylborane is shown below. 


{ CHH | CH; H H H CH; 
| | | | 

D BH or H— - E. B— с- - H 

\ OO] бн, сњ сњ сњ 


This is an example of steric effects, Placing three highly branched groups around a central boron results in van 
der Waals repulsions. These repulsions are severe enough that only two groups can be bound to boron in the 
case of disiamylhorane. Now, alkyl branches stabilize sp?-hybridized boron (see the solution to Problem 4.49 on 
р. 96 of this manual for a discussion of boron's hybridization) just as they stabilize sp^-hybridized carbon; but if 
the alkyl branches are themselves branched. they farm a thicket of methyl groups that interact repulsively with 
each other as more of these branches are accumulated. These repulsive interactions reduce the relative stability 
of the trialkylboranes—evidently. so much so that they cannot form. 


The addition of ozone to trans-3-hexene gives an initial cycloaddition product, as illustrated by Eq. 5.34 on p. 
199. This product can fragment into propanal and propanal oxide. similar to Eq. 5.36a on p. 200, and shown 
below. 


H;CH;C H 0 " 30. s 
м, pu 4 | Oo k i +0: 
1 Pu | P M с HCH;CCH CHCH,CH; 
H;CH,C H 
H CH,CH; | | 
н CH;CH, 


These two products can then recombine to form an ozonide, similar to Eq. 5.36b on p. 200. However. the 
problem states that there is an excess of '*O-labeled acetaldehyde. (An excess of a compound means that there 
are many more cquivalents of it present relative to anything else.) So it is more likely that the propanal oxide 
will react with the '^O-labeled acetaldehyde, because there are many more equivalents of it, rather thar. the 
propanal. Note the final position of the isotope label in the ozonide product. 


0: 
02" “нс, 0—9 

| ——>  H;CH;CHC, „CHCH; 
xe) 


The structure of the product indicates that the more substituted carbon of one alkene molccule is connected to 
the unsubstituted carbon of another (or vice-versa). Because Lewis acids can react with double bonds, it would 
seem that, if one alkene molecule could be converted into a Lewis acid such as a carbocation, this could get the 
process started. The acidic conditions are just right for carbocation formation: 
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ыы, E it М 
C —CH; — С—СН, sme 
HC ње 
This carbocation reacts as а Lewis acid with a Lewis base—the 7 electrons of another alkene molecule: 
HC eee A HC, CH; 
C =CH, c—Ch —= C — CH;—C — CH; 
He uc HC CH, 
This type of process continues indefinitely: 
H.C H.C CH; CH; H.C CH; CH, 
Баа i cad-t—o t-te, =» нн, m 
НС Hic m n-1 m T1 CH; n CH 


Eventually, the alkene concentration becomes so low that the fluoride ion competes as a Lewis base for the 
carbocations. The tert-butyl fluoride is formed by a Lewis acid-base association reaction of the tert-butyl 
carbocation with fluoride. 
HC 
Ne" SL ^ Li m 
f —CH; :F:  ——9 (CH,),C—F: 


.. 


HC tert-buty] fluoride 


The polymer chain can terminate either by a Lewis acid-base association reaction of the carbocation with 
fluoride ion or by loss of a proton to give an alkene. In either case. n is so large that the terminal groups are 
ignored in the final structure. 


H.C ad CH; CH; Fr CH, CH; 
ETCH C—CH, 6—0 —- (њусн, {—сң соь + 

HC œ H X CH, n CH, CH; п CH 
(b) EB from fa) 

/CH; V CH 

нусси —c,3-6— 0 + H—F: 

MH, <А CH, 

from (bj 


5.54 The starting alkene contains six carbons; acetone, the ozonolysis praduct of B, contains three carbons. Because 
acetone is the only product formed, it is reasonable to suppose that two equivalents of it are produced. The 
formula of B indicates one degree of unsaturation; because it undergoes ozonolysis and other reactions of 
alkenes, B is evidently an alkene that contains one double bond. From the ozonolysis data, compound B is 2,3- 
dimethyl-2-butene, (CHi);C—C(CH);. A comparison of the carbon connectivities of compound В and the 
alkene starting material shows that a rearrangement has occurred during the transformation of the alkene 
starting material to B. A source of the rearrangement is a reaction that involves carbocations; the HBr addition 
is such a reaction. Indeed, the reactions shown in Eqs. 4.26—4.27. text p. 159-160. with HBr instead of НСІ. 
shows that the structure of compound А is likely to be 
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"i 
(CH3);CH — C(CH3); 


2-bromo-2,3-dimethylbutane 
(compound А) 


This structure has the same carbon connectivity as compound B. In the reaction that converts A to B. the strong 
base in the problem removes a proton and a bromide ion is expelled as NaBr. Given the structure of compound 
B shown above, the following analysis is reasonable: 


Br lost as Br 
(CH; C — Ссн, 
removed by the basc H 
A curved-arrow mechanism consistent with this analysis is the following: 
йт: 
(CH3;C > T —»- (CHj;C—C(CH); + CHÓ—H + ir 
CH. eH 
A similar process can and does occur by removal of a hydrogen from any of the methyl groups 
o» to give 2.3-dimethyl-1-butene. However. compound В is the major product. and the problem 


focused on that product for simplicity. (This type of reaction is called an E2 reaction, and will 
be discussed in detail in Sec. 9.5.) 
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Principles of 
Stereochemistry 


STUDY GUIDE LINKS 


LT 6.1 Finding Asymmetric Carbons in Rings 


Finding asymmetric carbons in rings requires that each arm of a ring be treated às a separate 
group. Consider the carbon below that is indicated with an asterisk. 


CH; 


CH; 
CH, 


This carbon bears a CH; group and a hydrogen. (The hydrogen is not shown explicitly because 
this is a skeletal structure.) The other two groups are the two "arms" of the ring. Even rhough the 
two groups are tied together into a ring, they can be considered as separate groups. Proceeding 
counterclockwise from the asterisked carbon, the connectivity sequence is —CH;—CH;—; 
proceeding clockwise. the connectivity sequence is —CH;—C(CH 3)5—; a difference occurs at the 
second carbon out. Hence, ail the groups on the asterisked carbon are different, and thus this 
carbon is an asymmetric carbon. Notice that we continue as far as necessary along each branch to 
find a difference. 
The following structure, in contrast, has no asymmetric carbon: 


For example, carbon-1 bears a methyl, a hydrogen. and the two "arms" of the ring. Proceeding 
around the ring from carbon-1, at carbon-2 and carbon-6 the arms are the same (—CH;— groups): 
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148 


CHAPTER 6 - PRINCIPLES OF STEREOCHEMISTRY 


at carbon-3 and carbon-5 the arms are the same (again. —CH.— groups); and the two arms join at 
carbon-4. If no difference is found when proceeding from the carbon in question to the point at 
which the arms of the ring join, the two arms of the ring are identical. 


6.2 Stereocenters and Asymmetric Atoms 


Stereochemical terminology changes as chemists acquire a more rigorous understanding of the 
geometrical aspects of stercochemistry. The purpose of this section is to alert you to a problem 
that still exists with the term stereocenter. The definition used in this text.—"an atom at which 
interchange of two groups gives a stereoisomer —is the one accepted by all experts in the field of 
stereochemistry. A number of texts, however, have defined stereocenter to be an atom with four 
different groups attached. This is the same definition that is used in this text for asymmetric 
carbon. Thus, some texts do not distinguish between the terms asymmetric carbon and 
stereocenter. As shown in the text, however, all asymmetric carbons are stereocenters, but the 
converse is not true: not all stereocenters are asymmetric carbons. The cases discussed in Sec. 
4.1C on p. 131 of the text demonstrate this point: the carbons of the double bond in Е and Z 
isomers are stereocenters but are not asymmetric carbons. Because so many texts misdefine this 
term, you should be alert to the fact that you may see it misused. 

A number of chemists have objected to the use of the term asymmetric carbon because a 
carbon atom is not "asymmetric." In fact, many chiral molecules themselves are not necessarily 
"asymmetric;" many have certain types of symmetry. Perhaps a better term for asymmetric carbon 
would be asymmetrically substituted carbon. Other terms you might hear are “chiral center" and 
"chiral carbon." but objections have been raised to these also. The term aswmmetric carbon has 
been so widely used that everyone knows what it means, and this text has continued to use it. The 
important point is that, whatever we call it, an asymmetric is лог the same as a stereocenter; rather, 
asymmetric atoms constitute only one type of stereocenter. 

One last point about the definition of asymmetric carbon: When we say that an asymmetric 
carbon has "four different groups" attached. we might have occasion to ask. "How different do the 
groups have to be for a carbon to be labeled asymmetric? The differences among attached groups 
used to define “asymmetric carbon" generally refer to constitutional (that is, compositional) or 
connectivity differences. Any constitutional or connectivity difference between two attached 
groups makes them different. However. it is also possible for twa groups to have the same 
connectivity but differ only in their stereochemical configurations. Problem 6.45 on text p. 270 
explores how we deal with such a situation. However, this is a relatively rare situation for 
beginning students. 


6.3 Using Perspective Structures 


The most foolproof way to assign absolute configurations from a perspective structure (thal is. a 
line-and-wedge structure) is to build a model and use it to assign configurations. However, once 
you gain experience with models. you wil! probably be able to use perspective structures 
themselves to assign configurations. 

Before trying to use linc-and- wedge structures, be sure you understand how to interpret them. 
as was discussed in Chapter 1. p. 16, of the text. To review: 


this group (and the 


dashed bond to it) are OH these three groups (and the 
behind the page s 0 bonds to them) are 
~ Heel in the plane of the page 
this group (and the А / CH; E ee 


wedged bond to it) 
are in front of the page = 


If you use joumals, monographs, or other texts, you will find that there are variations on the 
conventions used for representing perspective. In some cases. solid bonds rather than solid wedges 


CH;CH, 
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arc used; dashed bonds rather than dashed wedges are used. Thus, all of the following structures 
mean the same thing: 


Fa T "d i 
H- F~ Ch, Hf ~ Ch, Hf —cH, He —cH 
CHCH; CH,CH; HCH; CH;CH; 
convention used bar/hatched bar wedge/inverted wedge/dashed | ne 
in this text convention dashed wedge convention 
convention 


If you have a choice in the matter, it is easiest to assign the configuration of an asymmetric 
carbon using perspective formulas if you place the group of lowest priority behind the page—on a 
dashed wedge. When you do this, you are automatically viewing the molecule in the proper 
manner for assigning configuration: 


That is. you are looking from the asymmetric carbon down the bond to H. It doesn't matter 
whether the dashed bond is slanted to the right (as in Study Problem 6.2, text p. 234) or to the left, 
as above. 

If you are confronted with a structure that is aot drawn in this standard manner and you need 
to assign a configuration you have two options: build a model or learn to manipulate the 
perspective structure mentally. Let's consider these two situations in turn. 

If you build a model, keep your model as simple as possible. Don't build more of a model 
than necessary. (For example. if a molecule contains a methyl group and you don't have to deal 
explicitly with the hydrogens, then simply use a carbon.) When you are asked to assign 
configuration, a handy device is to dedicate four atoms of your model set for this purpose. Take an 
atom and label it "1" with a marker, paint, or “white-out.” Label three other atoms “2”, "3", and 
"4", Then. when you see a perspective formula you can't interpret directly, first assign relative 
priorities to the groups in the structure. Then build a model using a carbon and only your four 
laheled atoms. Just make sure they ga in the same positions of relative priority as the groups of the 
structure you are trying to interpret. Then manipulate your model so that you are looking from the 
asymmetric carbon to group “4,” and then assign the configuration. 

Alternatively. the ability to manipulate structures mentally gradually comes by working 
problems in stereochemistry with models. However, the following short exercise might help you 
develop this ability. Start with a tetrahedral model. and imagine turning it 120° in the plane of the 
page as shown by the arrows: 


f он | CH; 
\ : | 


E 120 
Hoo Ж uoc eH 
CHCH; CH;CH; 


Now imagine rotating it 120* about each bond in turn so that cach group moves into the adjacent 
position, as follows: 
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үш " T 
х 20" 
CH;CH, H CH; 


Then practice turning the structure about the other bonds and draw the result. Use a model to 
check yourself. If you spend a few minutes carrying out these or similar exercises, you should 
quickly become more proficient in visualizing perspective structures in three dimensions. 

One last, very useful. trick in assigning configurations uses the fact that there are only two 
possible configurations, R and S. If you assign a configuration and know you're wrong. then you 
can reverse the assigned configuration to the correct опе. For example. if you find yourself 
looking from the atom of lowest priority fo the asymmetric carbon, you are looking down the bond 
in the "wrong" way for assigning configuration. Knowing you're wrong. assign the configuration 
anyway. but then rcverse it. 

OH Clockwise descending priorities 
| № implies А; but, because the view is wrong. 


C еа 
— —CHJCH the assignment is wrong. 
"c № / 27 3 Therefore, the configuration is S. 


assigning configuration 
from the "backwards" view 


In this example, the atom of lowest priority is the hydrogen; we are viewing the molecule 
incorrectly for assigning configuration: so, we assign the "wrong" configuration and then reverse 
it. In stereochemistry, two wrongs make a right! 


FURTHER EXPLORATIONS 


6.1 Terminology of Racemates 


Nowadays the terms racemic mixture and racemate are often used interchangeably to indicate any 
equimolar mixture of enantiomers. However, the term racemic mixture also has a more precise 
use. This term is sometimes used to indicate a solid state of a racemate that is a mixture of two 
crystal types. one for each enantiomer. In other words. a racemic mixture is a conglomerate of two 
enantiomeric crystal forms. 

The term racemic compound is sometimes used. and it, too, has a more precise definition. 
This term indicates a single crystal form of a racemate that contains equal numbers of molecules 
of cach enantiomer. [tis not a conglomerate. but rather a single crystal that contains equal amounts 
of each enantiomer within its crystal structure. 

Racemic mixtures and racemic compounds can be distinguished by an analysis of their 
melting behavior as a function of composition. 


6.2 Isolation of Conformational Enantiomers 


Although butane undergoes internal rotation too rapidly for its enantiomeric gauche forms to be 
isolated, chemists have succeeded in preparing other compounds in which internal rotation about a 
single bond is so slow that conformational enantiomers can be isolated and purified. The following 
compound is an example: 


No part of th 
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CO.H 
cl 
< 2 ý conformational enantiomers 
| can be isolated at room temperature 
COH 
С! 


(How might you separate the enantiomers of this compound?) The two benzene rings are forced to 
occupy perpendicular planes: if they were to occupy the same plane. substituents on one ring 
would “bump into” those on the other. and very severe van der Waals repulsions would result. The 
conformation of the compound shown above is chiral. (You can verify its chirality by drawing or 
constructing its mirror image and showing that it is noncongruent.) Interconversion of the two 
enantiomeric conformations requires a rotation about the central bond. indicated by the circular 
arrow, which takes the rings into the same plane. Because of the van der Waals repulsions just 
noted, the energy barrier to this process is so high that rotation cannot occur at room temperature. 
In contrast, the compound in which the —CO:H groups are replaced by hydrogens and the 
chlorine substituen's are replaced by fluorines cannot be separated into its enantiomers at room 
temperature. In this case, racemization requires a planar conformation in which two small atoms 
(F and Н) are close. Because van der Waals repulsions are much smaller here, this process requires 
less energy. and racemization occurs readily at room temperature. 
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9 SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


6.1 (a) This compound is chiral. 
(b) This compound is achiral. 
(c) This compound is chiral. Notice that the groups directly attached to the asymmetric carbon (CH;) are the 
кате; however, thc groups are different because of more remote differences. 
(d) This compound is chiral: the asymmetric atom is the nitrogen. 


6.2 (a) А shoe is chiral. because it has a noncongruent mirror image (the shoe of the opposite foot). 

(b) А book is achiral. if we neglect the writing. 

(c) А human body is achiral. if we neglect the internal organs and any superficial characteristics. However, 
if the hair is parted to one side or the other. or if there are other features that differentiate left from right. 
the body is chiral. If we “burrow down" to the molecular level, the amino acid and DNA building blocks 
of the body are chiral. Thus. the body itself is chiral. 

(d) The pair of shoes is achiral. Again. however, if we "burrow down" to the molecular level. we would find 
that the biomolecules that make up leather are chiral, and this would make the pair itself chiral. 

(e) Chiral. (If you're right handed, try using scissors to cut something with your left hand.) 


6.3 (a) Planes of symmetry in methane bisect one set of H—C—H bonds and contain the other H—C—H bonds. 

(There arc four such planes.) 

(b) Тһе planes of symmetry are all the planes that bisect the base and include the tip. 

(c) One plane of symmetry in ethylene is the plane of the page: the two others are the planes perpendicular 
to the page. The center of symmetry is the point in the center of the C=C bond. 

(d) The plane of symmetry is the plane of the page. and the center of symmetry is the point in the center of 
the C=C bond. 

(c) The planc of symmetry in cis-2-butenc is the plane of the page and the plane perpendicular to the page 
that bisects the C=C bond. 

(f) — The plane of symmetry contains the three C—C bonds. and the center of symmetry is at the center of the 


C2-C3 bond. 
А бї plane of symmetry center of symmetry 
H ZA | HC H 
| IN IN 9 Ње, ,h P.C. „© X g> H 
et / pe pe Pre. ye See 
c H H H CH; H H CH; 
(a) (b) (c) (d) (с) (0 
6.4 The asymmetric carbons are indicated with asterisks. (In part (c). there are no asymmetric carbons.) 


(a) 
аа 


QU. __ 
|| C y 
CH;CHCHCH; o^ eH 


6.5 


6.6 


6.7 


6.8 
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Remember that there are many different ways to draw a correct line-and-wedge structure. If your structures 
don't look like these, and if you're not sure whether yours is correct, make a model of both and check them for 
congruency. (When possible. we often adopt a "standard" representation in which the bond to the atom of 
lowest priority —hydrogen іп (a) and (b)—is the dashed wedge bond (going away). and it is placed to the left of 
the asymmetric carbon. This makes it very easy to determine configuration. However, this "standard" 
representation is not necessary or always possible.) 


(a) (b) (c) 
он н HO CH; 
HO 
С Ш> ШС 
нур "c^ "cH | 
H- -снсн, 
CH; 


(a) Тһе asymmetric carbon in the given stereoisomer of alanine has the 5 configuration. 
(b) Тһе asymmetric carbon in the given stereoisomer of malic acid has the 5 configuration. 
(c) Тһе asymmetric atom is a nitrogen, and it has the 5 configuration. [See the solution to Problem 6.1(c)]. 


Halve the concentration. If the rotation at the first concentration is +10°, the rotation at the lower concentration 
should read +5°; if the rotation at the first concentration is ~350°, the rotation at the lower concentration should 
be -175*, which is the same as +185°; if the rotation at the higher concentration is +370°, the rotation at the 
lower concentration should be +185°. To decide between the last two possibilities, halve the concentration 
again. Essentially, we should plot observed rotation against concentration; the slope of the line is the specific 
rotation. 


(a) | Use Eq. 6.1 on text p. 239: 


_ (66.1 deg mL g ат XI dm)(5 g) 


z 3.31 deg 
100 mL 


а -(alc 


(b) Тһе specific rotations of enantiomers must have the same magnitude but the opposite sign. Therefore. the 
enantiomer of sucrose must have specific rotation = -66.1 deg тї! р! атг. 


(a). (b) The asymmetric carbon of thalidomide (marked with an asterisk, *) and the configuration of the 5 


enantiomer: 
H 
V P о 
N H 
о SN 
[e] 


(S)-thalidamide 


(a) A concentration of 0.1 M is the same as a concentration of (0.1 mol 1710150 g mol 140.001 L ті!) = 
0.015 g mL '. Using this number for c in Eq. 6.1 on text p. 237. 


0. 
laeso. ERS . xadegar nidi 


cl (0.015g mL ' XI dm) 


(b) Because the two enantiomers are present in equal amounts. their rotations cancel. and the observed 
rotation is Zero. 
(c) Because the concentration is halved. the observed rotation is also halved. Thus, it is 0.10 deg. 


rat un be uploaded o! cir ted or Thou! perm ni ove hhe ' ve ' . + 


154 


6.11 


6.12 


6.13 


6.14 


CHAPTER 6 - PRINCIPLES OF STEREOCHEMISTRY 


(d) Тһе specific rotation is the same. because by definition this parameter is independent of concentration. 

(e) Тһе specific rotation of L is 213.3 deg mL ' g ! dm; enantiomers have specific rotations of equal 
magnitudes and opposite signs. Again, the specific rotation is the same regardless of concentration. 

(f) In this solution, the 0.005 mole of L cancels the rotation of 0.005 mole of D. The resulting rotation is as 
if only 0.005 mole. or a concentration of 0.05 mol L~', of D were present. This amount of D corresponds 
to a concentration of (0.05 mol L !)(150 g mol !)(0.001 L mL!) = 0.0075 р mL. Since this 
concentration is half of the original concentration, the observed rotation is also half of the original —that 
is, +0.10 deg. 

(g) Using Eq. 6.5b, we can calculate the EE by figuring out the % of the major enantiomer. Since there is 
0.01 moles of D and 0.005 moles of L. then D is the major enantiomer and the solution is (0.01 D/0.015 
D & 1) 66.7% D. Substituting into Eq. 6.5b we find that the EE of D is 33%. 


(a) 
Ar 


| 
HiC 


3 
(S)-ibuprofen 


(b) Since the specific rotation of the mixture, [@]mixiure. and the EE is given, use Eq. 6.4 and solve for [@] pure. 
which works out to 457.4 degrees mL g ' dm '. The pure R enantiomer is then —57.4 degrees mL р ' 
dm‘. 

(c) Using Eq. 6.5b, solving for the percentage of the major, S-enantiomer, gives 95%. Thus the minor, R- 
enantiomer, must be present in the remaining 55. 


The racemate has no effect on the observed rotation other than to dilute the sample. Hence, after addition of the 
racemate, the concentration of the excess (R)-2-butanol is 0.75 M. This corresponds to (0.75 mol L 1Y24.12 E 
mol! 40.001 L тї!) = 0.055 р mL“. Use this as the value of ¢ in Eq. 6.1 with [a] = -14.7 deg mL g ! dm^': 


а = (-14.7 deg mL g ! dm !)(0.0556 g mL (1 dm) = —0.817 deg 


Begin with the perspective structure of the reactant: in the product, corresponding groups are in corresponding 
positions. because the reaction breaks none of the bonds to the asymmetric carbon. 


Ph Ph 
| 1) BH, | 
Hof chc DOO. He~ cH CHLOH 
CH; CH; 
(R){-)-enantiomer (-)-enantiomer; 


has the R configuration 


Proceed in the manner suggested by the solution to Problem 6.13. The absolute configuration of the alkene in 
Ец. 6.6 is known. Carry out the following catalytic hydrogenation: 


Ph Ph 
| | 
A 
Ho “CH=CH, + Н; Parc - Hf > CH;CH; 
CH, CH, 
R enantiomer R enantiomer 


If we assume that hydrogenation proceeds in the normal manner. then the product must have the R 
configuration. Determine the sign of its specific rotation. If positive. then the product shown is the (R)-(+)- 
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enantiomer, and it is the dextrorctatory enantiomer: if negative, then the product shown is the (R)-(-)- 
enantiomer, which means that the (.S)-(4)-enantiomer is the dextrorotatory enantiomer. 


(a) Fora molecule to have a meso stereoisomer. it must have more than one asymmetric atom. and it must be 
divisible into constitutionally identical halves (that is, halves that have the same connectivities relative to 
the dividing line). By these criteria, compound (a) does possess a meso stereoisomer. 


ана 
| | | 
H 


Notice that the dividing line may pass through one or more atoms. 

(b) This compound does not have a meso stereoisomer. А meso compound must have at least two 
asymmetric carbons. 

(c) Although achiral. trans-2-hexene cannot exist as a meso stercoisomer because it has no asymmetric 
atoms. 


As suggested by the hint, the intemal mirror plane passes through the central carbon atom. the hydrogen, and 
the OH group. This carbon can have either of two configurations. The only requirement for a meso compound 
(in addition to the identical connectivities of the rwo half-structures relative to a dividing line) is that the 
asymmetric carbons at the end of the structure must have opposite configurations. 


H OHH OH H OHH OH 
A ^. 


* 
CH НС x “Сн 
y 3 3 Р; 3 
R a 
the internal mirror plane the internal mirror plane 
passes through these threc atoms passes through these three atoms 


HC 


(a) If the enantiomer of the CSP were used, the elution order of R- and §-Nirvano! would be reversed—that 
is. the S-enantiomer would elute first. 

(b) ‘If the racemate of the CSP were used. the two enantiomers would not separate by this method—they 
would clute at the same time. 


A resolving agent must be chiral and it must be enantiomerically pure. Only compound A mects both of these 


criteria. 


In anti-butanc, the two internal carbons are stereocenters, because interchange of a CH, group and ап Н at either 
carbon gives a stereoisomer (gauche-butane). 


stereocenter stercocenter 
LU UN NR н. | сн, 
CH; > CH; 
| 
" Сн, ” " Vu 
/ “н fH 
stereocenter stereocenter 
anti-butane gauche-butane 
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enantiomers 


diastereomers | 


In other words. the set of compounds in one box could be resolved from the set in the other box. 


Arsines should invert at an even slower rate than either amines or phosphines. for the same reason that 
phosphines invert at a slower rate than amines. The lone electrons on arsenic are in an orbital with an even 
larger degree of s character. meaning that it takes a very large amount of energy to convert them into a p-orbital. 
which is required for inversion. 


Pasteur isolated the chiral stereoisomers. that is, the (28.34€) and the (25.35) stereoisomers. (Because they are 
optically active, they must be chiral.) Yet to be isolated was the meso stereoisomer. Like all meso compounds, 
meso-lartaric acid is achiral and therefore is optically inactive. (The structures helow are drawn in eclipsed 
conformations for ease in seeing the symmetry relationships.) 


HO;C COH HO;C CO;H HO;C COH 
О; Y f pe О; ^ Р bac 2 Я / О, 
HO"; AH н ОН но  YX"0OH 
Н OH H H H H 
(2S,3S)-tartaric acid  (2R.3R)-tartaric acid meso-tartaric acid 


The "resolving agent" was the first crystal that Pasteur separated. The handedness of each subsequent crystal 
was either "like" that of the first one or "opposite" to it. 


Solutions to Additional Problems 


Asymmetric carbons are indicated with asterisks (*), and stereacenters with diamonds (0). 
(a)  4-Methyl-I-pentenc. H.C—CHCH;CH(CH);. has no stcreocenters or asymmetric carbons. 
(b) 


H,C H 
\o o/ 
С=С 
/ NO 
H *CHCH;CH; 
CH; 
(E)-4-methyl-2-hexene 
(c) 


CH; 


3-methylevclohexene 
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The instability of the Е stereoisomer of 3-methylcyclohexene doesn't alter the fact that the alkene 
carbons—carbons | and 2—of this compound are stereocenters. 


(d) —2.4-Dimethyl-2-pentene. (CH4);C—CHCH(CH у), has no stercocenters or asymmetric carbons. 
6.27 The structure: 
H 
C ° 
i | 
CH, 
3.4-meths1-2-hexene 
This compound exists as four stereoisomers: (24,45), (2E.58). (2Z.SR). and (2E.SR). 

(a) The carbon stereocenters are carbons 2, 3. and 4. indicated with diamonds (0) in the structure in part (a). 


(b)  Carbond is an asymmetric carbon. indicated with an asterisk (*) in the structure in part (a). 


6.28 The asymmetric carbons are indicated with asterisks (*). 


(a) (b) (c) 
аб, conen он ње CH OH 
Chs сн, CH; CH;OCH; 
(d) (е) 
CH; 


ње—н—снон so d 
NH; | 


(0) There аге no asymmetric carbons in this structure. 


(g) 
HO & ч 
6.29 (а) (b) (c) 
HO H H Ho H H OH 
— Y OHOH Y V 
А aw ^" CHICH, "c^ NcHCH; xd we CH,CH; 
HO H HO H HO H 
6.30 (a) (b) (c) 
CH,0. H O R 
О, „сн, i m LA 
HC R OCH; H.C S 7 Ў, “осн, 
HC H OH N(CH;); 
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Any meso compound containing two asymmetric carbons must have opposite configurations at the two 
carbons. Therefore, one of the asymmetric carbons is 5 and the other is R. 


CH, en 
CH,CH;CH — CHCH;CH, 


3,4-dimethylhexane 


one of the asymmetric carbons (*) 
is S and the other is R 


In answering this question. notice that. in deciding priorities at carbon- 1. carbon-2 has a higher priority than the 
phenyl (Ph) group. because carbon-2 has an attached nitrogen. 


(a) 


(b) 


(c) 


(d) 


(e) 


If you put the methyl group on the left and the phenyl on the right, the positions of the other groups will 


bc reversed from the following ones. 


ephedrine 


Sawhorse and Newman projections: 


Сн» CH, 
CH,NHZ ^u H OH 
H OH 
CH;NH H 
Ph Ph 


ephedrine 


x 
Ph ^s = Ch, 
, 
CH4NH H 
pseudoephedrine 
CH; CH, 
CHNHZ^ X, О H 
HO 
CH3NH H 
Ph Ph 
pscudoephedrine 


These two compounds are not constitutional isomers because they have the same atomic connectivity. 


Since they are not identical. they are stereoisomers. If these two compounds were enantiomers. they 


would have opposite configurations at both asymmetric carbons. Because they are stereoisomers but not 


enantiomers, they are diastereomers. 


In principle. their melting points should be different. In fact. they are. Ephedrine has a melting point of 
38-39 °С; pseudoephedrine has a melting point of 116-119 °С. 
Опе can say two things about the optical activities of these two compounds. First. they are both optically 
active, because they are chiral. Second. because they are diastereomers, their optical activities have no 
simple relationship—that is. their magnitudes are expected to be different. and one cannot say anything 


about their signs. 


Either of the following isomeric heptanes is a correct answer: 


{нь 


H3C —CH ar CH;CH;CH; 


3-methylhevane 


CH,CH; 
| 


НС = CH x CH(CH3); 


2,3-dimethylpentane 


The following stereoisomer of |.2-dimethylcyclopropane is chiral. If you're not convinced, build a model of it 
and another model of its mirror image and test them for congruence. 
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(a) True. 2-Chlorohexane and 3-chlorohexane are examples of chiral constitutional isomers. (Note that while 
they are chiral, they are not enantiomers.) 

(b)  Trueby definition. 

(c) False. Every object—chiral or achiral—has a mirror image. Only an achiral molecule is congruent to its 
mirror image. (See Fig. 6.1, text p. 230, for an example.) 

(d) Truc by definition. 

(e) False. For example, 2-chlorohexane has no diastereomer. 

(f) False. Some E.Z isomers are not chiral (е.р.. (E)- and (Z)-2-butene). Likewise, any meso compound is an 
achiral diastereomer of a compound containing asymmetric carbons. 

(g) False. Meso compounds have asymmetric carbons and are not chiral. (A compound containing ane and 
only one asymmetric carbon is chiral, however.) 

(h) Ризе, because some stercoisomcrism is not associated with chirality—for example, E.Z stcrcoisomcrism 
(double-bond stereoisomerism). 

(i) True. By definition, interchanging two groups at a stereocenter generates a stereoisomer. 

(p False. Molecules with a mirror-image relationship must be either enantiomeric or identical. 

(k) False. Every chiral compound is optically active, although it is possible in some cases for the optical 
activity to be too small to be detected experimentally. 

(1) False. Optical rotation has no general relationship to R and S configuration. 

(m) False. A chiral structure must have neither a plane of symmetry nor a center of symmetry. Therefore, a 
structure might not a plane of symmetry and yet be achiral because it has a center of symmetry. (For 
example. see the solution to Problem 6.20(a). conformation A.) 

(n) True. because the presence of a plane of symmetry is sufficient (although not necessary) to eliminate 
chirality. 

(о) True. An asymmetric carbon is one type of stereocenter. (Note that the converse is not true— not all 
stereocenters are asymmetric carbons.) 


The isomeric alkyl chlorides C,H;;Cl with the carbon skeleton of 3-methylpentane: 


CH;CI CH; CH, CH; 
sean, CICH,CH,CHCH,CH, | CH,;CHCHCH,CH, CH CHI CH.CH, 
A B ài à 

C D 


Compounds B and C are chiral. The four compounds A-D are constitutional isamers. Compound B can exist as 
a pair of enantiomers: compound C can exist as two diastereomeric pairs of enantiomers (four stereoisomers 
total). 


Meso compounds must be achiral compounds with at least two symmetrically-placed asymmetric carbons and 
symmetrical branching patterns. 


CH, CH;CI 
| 
CHsCHCH,CH,CHCH, CH;CH;CHCHCH,CH, CH.GHCHEHCH, CH,CHCHCH; 
| | | 
Ci Cl CI Cl а c CH;CI 
A B C D 


All exist as a single meso compound. except for compound C. which can exist as two different meso 
compounds. 


н CH, m 
РА { 
нана нона 
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The Newman projections of 2-methylbutane about the C2-C3 bond (viewed fram the C3 direction): 


CH; CH; CH; 
H CH; HC H HC CH; 
H H H H н lie 

CH; CH; H 

A B C 


The sawhorse projections of 2-methylbutane: 


(a) 
(b) 


(b) 


H CH; НС H НС CH; 
CH, CH, > CH; 
CH, CH, H 
H H H H H H 
i н 


с 


Conformations A and В аге chiral; they are conformational enantiomers. 

These two conformations interconven so rapidly that they cannot be isolated. As discussed in Sec. 6.9A. 

a molecule that consists of rapidly interconverting enantiomers is considered to be achiral. 

The heats of formation of A and В arc identical, and arc lower than the heat of formation of C. because C 
contains two gauche-methyl interactions, whereas A and В each have only one. The heats of formation of 
А and B are equal because enantiomers have identical physical properties. 


The sawhorse projections of ephedrine: (The projections labeled with double letters are eclipsed: the 
projections labeled with single letters are staggered.) 


CH, CH; CH; 
CH4NH H CH4NH H CH4NH H 
CH; 4 CH; Ph CH; HO 
н Ph OH CH3NH н HO H CH4NH н H Ph 
OH AB Ph H BC HO Ph CA 
OH 
B C 


Each of these conformations is chiral. Had any one of them been achiral. ephedrine would not be chiral. 


Compound B can undergo amine inversion, which rapidly interconverts its enantiomeric forms, as shown in Fig. 
6.18. text p. 261. Compound А cannot undergo inversion because it does not have an unshared electron pair; 
therefore, its two enantiomeric forms cannot interconvert and can be isolated. 


(a) 


NO par of 


Any compound that is chiral can in principle be resolved into enantiomers. Compound A possesses a 
phosphorous atom containing 4 “groups” (the electron pair counts as a different group in this case), so it 
is chiral and could be resolved. Elements in the third period do not undergo rapid inversion (Sec. 6.10B). 
Compound B also contains a phosphorous atom with 4 different groups, so it can be resolved. The sulfur 
atom in compound C is attached to 4 groups and, like phosphorous, is too slow to interconvert, but two 
of its attached groups are identical. Thus. it is achiral and doesn't have an enantiomer. Compound D is 
achiral for the same reason. Compound £ has a nitrogen with 4 different groups. but nitrogen 
interconverts rapidly at room temperature so resolution is usually not possible with amines. Compound F 
can be resolved into enantiomers for the same reasons as compounds A and B. 
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(b) 


(c) 


(a) 


(b) 


(c) 


(a) 


(b) 


(a) 
(b) 
(c) 


Sulfur is the asymmetric center in omeprazole. It has four different "groups" attached. if we include the 
lone pair of electrons. Since sulfur does not undergo rapid inversion (Sec. 6.10B) the two isomers can be 
isolated. 
The simplified structure of the 5 enantiomer of omeprazole is below. The ringed groups are abbreviated 
"Ar". 

О 

| 

у a CH,— Ar 
Ar 


A 0.5 M solution of this alkene contains (0.5 mol L (146.2 е mol ')(0.001 L mL 1) 2 0.0731 g mL, 
Using Eq. 6.1 on text p. 239, with / = 0.5 dm. the observed rotation is 


(+79 deg mL р ! dm !)(0.0731 g mL ')(0.5 dm) = 42.89 deg 


The rotation of the (—)-enantiomer cancels half of the rotation of the (+)-enantiomer, and the 
concentration of the (+)-enantiomer is, in addition, halved. Therefore the rotation is 25% of that in part 
(a)—that is, +0.72 deg. 
Since there is twice as much of the major enantiomer, the % major enantiomer is about 66.6% to 33.3% 
of the minor enantiomer. Using Eq. 6.5a on text p. 242, we get: 

EE = 2(% major enantiomer) — 100% = 33.4 96 


You can check your work by solving for the specific rotation, | с]. of the mixture in part (b). then using 
Eq. 6.4 on text p. 242 to solvc for the EE. 


Since the specific rotation of the mixture is negative, we know that the major enantiomer is the (-)- 
enantiomer. The specific rotation of the (+)-enantiomer is given, so the specific rotation of the (—)- 
enantiomer is known as well. Using Eq. 6.4 on text p. 242, we find that the EE of the (—)-enantiomer is 
68%. 

Using Ey. 6.5b. the % major enantiomer is 84%. so the % minor enantiomer is 16%. 


Using the equation given and a ratio r = 0.064, solving for t gives an age of 205 years. 

Using Eq. 6.5a on text p. 242, the EE is 88%. 

First, rearrange Eq. 6.4 to find the specific rotation of the mixture. [а], „азе: Then use this value. 421.56 
degrees. in Eq. 6.1 on text p. 239 with a concentration c = 0.01 g mL Solving for the observed rotation, 
a, gives a = + 0.216 degrees. 


Each compound contributes to the optical activity in proportion to the fraction present. If the fraction of the a 
form is P... and that of the B form is Pg. 


specific rotation = 52.7? = P(+112°) + Р +18.7°) 


Because P, + Pg = 1.0, then 


52.75 = Р,(+112°) + (1.00 — P,)(18.72) 


Solving for P, gives Pa = 0.36, or 36%. and the fraction of Pg = 64%. 


(a) 


The two meso stereoisomers of 2,3,4-trichloropentane: 


H CIH Cl H CIH CI 
A N \ 
HC? x CH H,C~? ^ сн, 
Cl H H Cl 


two meso stereoisomers of 2,3,4-trichloropentane 
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Each compound has a plane of symmetry that passes through carbon-3 as well as the C—Cl and C—H 
bonds to that carbon: 


H сїн Cl 
% X 

HIC 28437 CH, 
H 


le" planes of symmetry P d 


These two stereoisomers must be diastereomers, because they are not enantiomers. 

Carbon-3 is a stereocenter, because interchanging the Н and the Cl gives a stereoisomer— specifically, 
the other meso compound. 

To specify the configuration of carbon-3, we would need a rule to specify the relative priorities of groups 
that differ only in their stereochemical configuration. If we arbitrarily let an А carbon take precedence 
over S (that is. precedence is alphabetical). then carhon-2 has precedence over carbon-4. This means that 
the stereoisomer on the left in parts (a) and (b) has the 3S configuration. and the one on the right has the 
ЗК configuration. 


| Asymmetric carbons are generally diagnosed using connectivity relationships. Therefore. this 
>| type of asymmetric carbon is unusual. because the connectivity of two of the attached groups is 


the same. 1n recognition of this situation, a carbon that is "asymmetric" only because of the 
differing configurations of the attached groups is called a pseudoasvmmetric carbon. 


(f) The two stereoisomers in parts (a) and (b) are the meso stereoisomers. There are also two enantiomers 
that have, respectively, the 2R.4R and the 25,45 configurations. (Convince yourself that in these 
enantiomers, carbon-3 is лог a stereocenter.) These are the only four stereoisomers. 

(a) Compounds A and B are diastereomers: both are meso. (See the solution to Problem 6.46 for a similar 
case.) Compound С is a diastereomer of both А and B because it differs in configuration at some, hut not 
all. of the asymmetric carbons. The two asymmetric carbons in compounds C and D have the R 
configuration, so it appears that these are the same compound. To show this convincingly, first carry out 
an internal rotation in D, then rotate D 180" about an axis in the page: 

н OH н CHOH H OH HO H H OH HO H 
N \ ` А 
intemal , 180 
н OH H OH HO H 
D D С 
Compound £ is the enantiomer of D (and C), because both asymmetric carbons have the opposite (5) 
configuration. To summarize: 
А and В: diastereomers А апа C: diastercomers 
А and D: diastereomers А апа E: diastercomers 
Band C: diastereomers Band D: diastereomers 
Band E: diastereomers C and D: identical 
C and Ё: enantiomers Dand E: enantiomers 

(b) Compounds A and В are both meso; they are diastereomers. 

(c) | Compounds C (and its identity D) and £ are chiral and therefore optically active. 

(a) Hydrogenation makes twe of the branches to the asymmetric carbon of the starting alkene identical. 


Qari od mhn 


Therefore. the product is achiral and is incapable of optical activity. 
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i ii 
H,C—CH—CH— CH,CH, 99, cu cH, — CH— CHCH; 


3-methyl- i-pentene 3-methylpentane 
(either enantiomer) (achiral and therefore 
optically inactive) 


(b) Hydrogenation of (S)-3-methyl-1-hexene does not break any of the bonds to the asymmetric carbon, and 
we are given the experimental result that the product, 3-methylhexane. has (—) rotation. Therefore, we 
can deduce the absolute configuration of (-)-3-methylhexane. Notice that the relative priorities of the 
groups at Ihe asymmetric carbon change as а result of the reaction. 


CH;CH;CH; CH;CH;CH; CH;CH;CH, 
A Hz. catalyst | i 
н d CH= CH, ну E CHCH; therefore: ССН ХМ” H 
CH; Сн, CH; 
(SEC )-3-methyl-1-hexene (R)-(-)-3-methylhexane (S}-(+)-3-methylhexane 


Because (—)-3-methylhexane must have the R configuration. it follows that its enantiomer, (+)-3- 
methylhexanc, must have the 5 configuration. 


First. draw the (S)-enatiomer of the starting material using line and wedge bonds. Then. reduce the vinyl group 
to an ethyl group. but make sure the product substituents arc drawn in the same relative positions as they were 
in the starting material. When the vinyl group is reduced to an ethyl group, it goes from being the second 
priority group to being the third priority group. This serves to reverse the absolute configuration of the product; 
it is the (R)-enantiomer. This is an example of a rare case where. even though there was no chemical reaction at 
the asymmetric carbon, the reaction caused the attached groups to swap priorities. 


Salts that are either identical or enantiomers should have identical solubilities. The solution to the problem then 
hinges on determining the relationship between each pair of salts. If they have the same configurations at 
corresponding asymmetric carbons, they are identical and have identical solubilities. If they have different 
configurations at both of the corresponding asymmetric carbons, they are enantiomers and have identical 
solubilities, because enantiomers have identical properties. If they have different configurations at one 
asymmetric carban and the same configuration at the other, they are diastereomers and have different 
solubilities, because diastereomers have different properties. 

Salt A has the 5 configuration at both asymmetric carbons. and salt D has the А configuration at both 
asymmetric carbons. Therefore. salts A and D are enantiomers and have identical solubilities. Salt B has the 5 
configuration at the asymmetric carbon of the ammonium salt and the А configuration at the asymmetric carbon 
of the carboxylate. Salt C has the opposite configuration at both of these carbons, that is. (R.S). Therefore. salts 
B and C are enantiomers and have identical solubilities. However, the solubilities of A and D are different in 
principle from the solubilities of B and С. 


AEG Once you have deduced the configuration of onc salt, the configuration of the corresponding 
| | carbon in the others can be determined by interchanging groups to reproduce the original. Each 
interchange changes the configuration: even numbers of interchanges leave the configuration 
unchanged. Alternatively, you can rotate about a single bond freely: this does not change the 
configuration. Thus, interchanging the H and the Ph gives the ammonium ion of C from that of 
А; hence. the configuration is different, and it must thercfore be R. An internal rotation of the 
asymmetric carbon 120° counterclockwise about the methyl — C bond converts the ammonium 
ion of A into that of //; hence. these two ions must be identical. 


(а) We should know hy now that if the geometry is tetrahedral, there are two enantiomers: 
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F E 
| | 


tb)  Forsquare-planar geometry, there are three diastereomers. These are found by making all possible 
pairwise switches between adjacent groups and ruling out identities. Note that. because of the square 
planar geometry. mirror images must be congruent, and therefore identical. There can be no enantiomers. 


F | F F 
ME m дс = а 7 Br- bea 
be " i | 


(c) For pyramidal geometry, there are three diastereomeric sets of enantiomers (six stereoisomers total): 


aii "fü Br @ cl i "je yii 
6.51 In a compound of the form X3;ZY; with squarc-planar geometry, there are two ways to arrange groups X and Y 
about atom Z: with like groups in adjacent corners. or with like groups in opposite corners: 
Cl Cl 
Nor H3N — Pt — NH; 
M. а 
E ШШ. 


Because these are stereoisomers. and they are not enantiomers, they must be diastercomers. Tetrahedral 
compounds of thc form Х-7Ү» (for example. Н.ССІ,) cannot exist as stereaisomers. Hence, the fact that 

CI .P(NH 5); exists as stereoisomers with different properties shows that these stereoisomers are diastereomers, 
and hence that their geometry about platinum is square-planar. 


6.52 . The ultimate test for chirality is to make the minor image and test it for congruence: 


— 


9 9 с 
„ | Br... rotate 180* OCH; 
СІ—Р p—c| SS > сур 
| “OCH; сњо“ | "Br 
OCH, сњо OCH, 


not congruent; 
therefore, enantiomers 


Because the structure is not congruent to its mirror image. the compound is chiral 
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The optical rotations and melting points show that Fischer obtained enantiomers as a result of this 
transformation. Consider what each of the two possible geometries predicts for an interchange of the two 
groups. For tetrahedral carbon, the interchange of any two groups at an asymmetric carbon gives enantiomers. 
Consequently, the experimental result is consistent with tetrahedral geometry. 

If the molecule were pyramidal, and if Fischer happened to be dealing with a stereoisomer in which the 
—CO:;H and —CONH, groups were at opposite (rather than adjacent) corners of the pyramid. he would also 
have obtained enantiomers from his experiment: 


* 


C C $ 
iv Jd CH;,CH;CH; =- "E V CH;CH;CH, » CACHCH у H 
CONH, OH CO 

COH . CONH; 


i i 


But if Fischer happened to he dealing with a stereoisomer in which the —CO,H and —CONH; groups were at 
adjacent corners. the exchange should have given diastereomers. Thus, the conversion of one stereoisomer into 
its enantiomer could have been the result of two things occurring simultaneously: (1) pyramidal geometry, and 
(2) the fortuitous choice of a particular stereoisomer. Consequently, Fischer's result was consistent with either 
tetrahedral or pyramidal geometry. 


н; 


V-CONM. —> сон 
s CHICH Eh CH,CH;CH, 
CO, ONH, 


Neither result taken alone rules out pyramidal geometry. However, for an atom with two identical groups and 
pyramidal geometry to be achiral, the two carboxy groups in the product, and hence. the carboxy and 
carboxamido group in the starting material. must be at the opposite corners of the pyramid. 


C С 
н;С J X^ CH;CH; — isl NS CH;CH; 
CONH; CO;H 
СОН  curboxamido group CO;H 
carboxy group ; 
achira! 


If these two groups had been at opposite corners of the pyramid in the first experiment, then in the second 
experiment with the same starting material. the carboxy group and the methy! group must have been at adjacent 
corners, and this transformation would have yielded a chiral compound: 


cT CH;CH IS H;C~ “~CH,CH 
^ Leon 3 3 ies 3 


racemis group Н, 


саг H 
De; ados a chiral compound 


(Be sure to convince yourself that the molecule on the right is chiral. Do this by drawing (or making a model of) 
its mirror image and show that the two are noncongruent.) On the other hand, if the starting compound had 
tetrahedral geometry, then making any two groups identical would give an achiral compound. Since this was the 
experimental result. pyramidal geometry was ruled out. and tetrahedral geometry thus remained the only (and. 
as it turned out, correct) possibility. 
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ГЇ? 7.1 Relating Cyclohexane Conformations 


Although. you can often resort to models to visualize the stereochemical relationships between 
chair conformations of substituted cyclohexanes, it is useful to be ahle to carry out on paper 
manipulations like the ones used in the text. To gain greater facility with such manipulations, try 
the following exercises. using cis- 1,2-dimethylcyclohexane as an example. Draw the result of each 
manipulation, and then check your drawing against the results shown. Be sure to follow each 
manipulation with a model if there is any question about it! 

First, turn the structure 180° about a horizontal ("x ") axis: 


CH; ње 
Mk on тех 
CH, 


Now turn the original structure 180° about a "y" axis: 


4 


X CH; 
CH, 
ie eed > \ a сн, 


Practice turning the structure in 60° increments about the same axis: 


CH; НС 
c» 


Finally, turn the original structure 180? about an axis perpendicular to the page (a “z” axis): 
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CH; 

CH 

вы IF а LT : 
v CH; 


If you can readily perform manipulations like these without recourse to models, you can solve 
virtually any problem involving cyclohexane stereochemistry. 

Let's use these skills to solve the following problem. What is the stereochemical relationship 
between the two chair conformations of rrans- 1.3-dimethylcyclohexane? 


CH; 


Ler 229 \ —7 ——^— CH, 
HC [ 
CH; (SG7.1) 


There are three possible relationships between these conformations: they could be conformational 
diastereomers: they could be conformational enantiomers: or they could be identical. The strategy 
here is to orient one of the methy! groups in one structure in the same way as a methyl group in the 
other structure. Then compare the relative positions of the remaining methyl group. One way to 
perform this manipulation is to rotate the second structure about an axis perpendicular to the page. 


as follows: 
нс 
baile e БЛ 
CH, => 
CH,” " 


Finally. rotate the resulting structure 60* about an axis in the page. as follows: 


iM 
* 


= CH; 
H.C 
еа c» 
H.C 


The resulting structure is identical to the first conformation in Eq. 567.1. Consequently. the chair 
interconversion in this case results in identical molecules. 

It is worth noting that some people. even after practice, have difficulty with manipulations 
like these because they have inherent difficulty with spatial perception. (Don't assume you are 
such a person until you have practiced!) This has nothing to do with your intelligence! If you are 
such à person. don't hesitate to use models. The answer you get may take a little more time, but it 
is just as correct. 


7.2 Reactions of Chiral Molecules 


Sec. 7.7A of the text deals only with reactions of achiral molecules that give enantiomeric pairs of 
products. What happens when chiral molecules react to give stereoisomeric products? No general 
principles cover this situation. In some cases, stereoisomers of the product may be formed in equal 
amounts; in other cases, one stereoisomer may predominate. The result can be determined by the 
reaction. mechanism—that is, the stereochemical nature of chemical changes that occur al 
stereocenters. (А situation of this sort is discussed in Sec. 7.8B.) In other cases reactants or 
intermediates are racemized in the reaction, in which case the principles of Sec. 7.7A apply to 
each enantiomer of thc racemate. 


fiiy be шуо ed іп! Deimycn c publ her L anum pede vil ip //prople р acy Di ture edu м y 


STUDY GUIDE LINKS: CHAPTER 7 169 


lt is even possible for chiral molecules to react in some cases to give achiral products even 
when a stereocenter does not undergo a chemical change. Thus. the following hydrogenation 
reaction involving a chiral alkene gives an achiral alkane because the asymmetric carbon in the 
alkene is no longer an asymmetric carbon in the alkane product: 


CH;CH; CHCH 
, calalyst ^ 

HC OH Соң + № "CH CH сн, 
H H 


chiral and optically active achiral and optically inactive 


Optical activity (and chirality) is lost in this reaction because the product is not a chiral molecule. 
In this particular case, the reaction causes a plane of symmetry to occur within the structure of the 
product that does not exist in the reactant. Optical activity would not be lost in the same reaction 
of a different alkene in which the product is chiral: 


CH,CH; HCH, 
catalyst 
нас — CHCHy7 Ссн, oe ==» снснСну- — CH; 
H H 
chiral and optically active chiral and optically active 


(See also Problem 6.47(a). text p. 270.) 


7.34 Analysis of Reaction Stereochemistry 


A given type of reaction might yield diastereomers with one starting material. enantiomers with 
another, and no stereoisomers al all with a third. For example. the bromine addition 10 
cyclohexene in Study Problem 7.5 on text p. 306 gives a pair of diastereomers. and one of these is 
formed as a pair of enantiomers. In bromine addition to propene. only a pair of епапіотегѕ is 
formed. In bromine addition to ethylene, no stereoisomers at all are formed. For a giver reaction, 
no single stereockemical result applies to all compounds. Each reaction must be analyzed 
individually. 


7.4 Stereoselective and Stereospecific Reactions 


Some texts define the term stereospecific reaction to mean “100%: stereoselective within limits of 
detection." This idea can be conveyed hy saying simply that a reaction is "highly stercaselective.” 
This definition of stereospecific is not generally accepted: be careful not to confuse the terms 
stereospecific and stereoselective in this way. 


25 When Stereoselectivity Matters 


The stereoselectivity of a reaction (or lack of it) is of no concern if stereochemically different 
modes of a reaction give the same products. Let's see how this statement would apply in the case 
of bromine addition to alkenes. 

The addition cf bromine to ethylene does not give stereoisomers; hence, it makes no differ- 
ence in the outcome of the reaction whether the reaction is a syn- or anti-addition or a mixture of 
the two. 


H,C—CH, = Br —CH,—CH;—Br 
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Furthermore. we cannot even tell whether the addition is syn or anti. It is often assumed (reason- 
ably) that additions which occur in one particular way on certain compounds occur in the same 
way on similar compounds for which the stercoselectivity cannot be determined. Sa, because 
addition of bromine is un anti-addition with other alkenes, we assume that it is an anti-addition for 
ethylene as well. In fact. this assumption has been tested: the stereochemistry of bromine addition 
to isotopically substituted ethylenes was investigated in 1998: 


H, H н р 
С=С аа с=с 
› о о м 


This experiment established that anti-addition docs in fact occur. Most chemists would accept thc 
anti-addition of bromine to the deuterium-substituted ethylenes as proof that ethylene itself 
undergoes anti-add:tion of bromine. 

In the addition of bromine to propene, stereoisomers are formed: 


HC—CH—CH, t= HC —CH—CH,—Br 
Br 


Two enantiomers arc possible. but they must be formed in the same amounts, because the reagents 
are achiral. Because carbon-1 of the product is not a stereocenter, the question of a syn- or anti- 
addition is irrelevant to the composition of the product mixture in the addition of bromine to 
propene. 

Always remember a point made in Sec. 7.8A of the text: the stercochemistry of an addition is 
relevant only when both carbons of the double band become stereocenters as a result of the 
addition. Thus. one can study the mode of bromine addition to cis- and trans-2-butenc, as in Sec. 
7.8C, because the two carbons of the double bond in the addition product are stereocenters. In a 
practical sense, bromine addition would not be as useful when applied to the 2-butenes or to 
cyclohexene if it were not stereoselective, because a mixture of diastereomers would be formed. 

In contrast, the text shows that oxymercuration-reduction is not a stercoselective reaction 
sequence. The lack of stercosclectivity matters only when it is applied to an alkene that would give 
a mixture of diastereomeric products. Many reactions that are not stereoselective are useful as long 
as their use is confined to situations in which stereoselectivity is not an issue. 
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FURTHER EXPLORATIONS 


©) 7.1 Other Ways of Designating Relative Configuration 


The use of cis and trans for designating relative stereochemistry in disubstituted rings has been 
adopted by Chemical Abstracts, the index to the world's chemical literature. 

Chemical Abstracts adopted a somewhat different system for designating absolute configur- 
ation of chiral cyclic compounds than the one used in the text, which is based on the original 
IUPAC rules. The Chemical Abstracts system involves the use of relative configurations. Consider 
the following compound: 


Cl 


CH; 


The IUPAC name for this compound is (15.2R)-1-chloro-2-methylcyclohexane. The Chemical 
Abstracts name 15 (1S-cis)-I-chioro-2-methylcyclohexane. In this system. the absolute 
configuration is given for the stereocenter of lower number (in this case the carbon bearing the 
chlorine), and then the configuration of the other stereocenter is given with the relative descriptor 
cis OF trans. 

The 1.4-disubstituted cyclohexanes are particularly interesting in this context. 


Cl 
eT 0H v— 
d... Po 5 3 Qe di 
A B 


These compounds are achiral, but each one contains two carbon stereocenters. There are no 
asymmetric carbons. (This is another illustration of the point that not all carbon stereocenters are 
asymmetric carbons.) Hence, the А and 5 system cannot be applied. The stereochemistry of these 
compounds is fully conveyed by the designation trans or cis. Thus. compound A is trans-1-chloro- 
4-methyleyclohexane; compound В is cis- ] -chloro-4-methylcyclohexane. 

As the text states. the cis-trans system is cumbersome when a ring contains more than two 
substituents. Although various extensions of this system have been proposed. Chemical Abstracts 
uses the terms « and Д to describe relative stereochemistry. The term a means “on the same side 
of the ring in a planar projection." and 8 means “on the opposite side of the ring in a planar 
projection." The positions of all substituents are referred to the position of the substituent on а 
reference carbon. which. in the simplest cases, is the lowest-numbered carbon. The substituent at 
the reference carbon by definition is in the @ position. Thus we have the following example. 


Cl 


|1S-(la,2f.4a)|-1,4-dichlora-2-methylceyclopentane 


The chlorine at carbon-1 is œ by definition. Since it is "up", the other “up” substituent (the other 
chlorine) is also е. and the "down" substituent (the methyl group) is 8. If we did not know the 
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absolute configuration, but only the relative configuration. we would leave off the initial *15" and 
name the compound as (1a.2f4,4a)- 1,4-dichloro-2-methylcyclopentanc. 
The following two cases are examples of achiral compounds with three stereocenters: 


CH; 
M cos Жы, e 
HC H.C 
(la3aSa)-1.3.5-trimethyleyclohexane (1a,3a.5B)-1.3,5-trimethyleyclohexane 


In the compound on the Іей, the three methy! groups are all designated as а because they аге on 
the same "side" of the ring—that is. all "down." 

The Chemical Abstracts system has additional layers of complexity for more complicated 
cases, but the above introduction covers most of the cases that one would ordinarily encounter. 


7.2 Alkenelike Behavior of Cyclopropanes 


The large amount of strain in cyclopropanes causes them to be more reactive than ordinary 
cycloalkanes. For example, cyclopropanes can be hydrogenated. although not so readily as 
alkenes. 


CH Puc 
2 1 atmosphere 
© 
H;C—CH, + н; Ж. CHCOH;CH, 


Although reactions like this suggest that cyclopropanes react like alkenes. an alternative view is 
that alkenes are cycloalkanes with “two-membered rings." 


Dd CH, 


ethylene viewed as a "cyclic alkane” 


In fact, it can be argued from hybrid-orbital considerations that a view of the alkenc double bond 
as two "bent bonds" (similar to those in cyclopropane) is just as valid as the picture adopted by 
this text in which the two bonds are different. one a с bond and one a m bond. (Some model sets 
represent double bonds as "bent bonds.") 

If ethylene indeed is visualized as a "two-membered ring"—that is, cycloethane—it would be 
expected to be very strained. and that this strain would be reflected in a very high heat of 
formation. Indeed. the heat of formation of ethylene per CH; is even greater than that of 


cyclopropane. 
^. с 
g А X 
cyclobutane cyclopropane ethylene 
(cycloethane) 
АН per carbon atom. kJ mol ! 7.1 17.8 26.2 
kcal mol ' 1.7 4.25 6.27 


In the conventional 7 model of the alkene double bond, the high energy of the bonds in ethylene 
resides completely in the relatively weak т bond. In the bent-bond model. the two bonds аге 
equivalent. They are stronger than a т bond, but weaker than a o bond. 
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right circularly left circularly 
polarized light polarized light 


planc-polarized light 


Figure SG7.1 The electric fields of right and left circularly polarized light propagate through space as helical 
vectors, and the twc vectors add to give plane-polarized light. The two helices are noncongruent mirror 
images; that is, they are enantiomers. Consequently, plane-polarized light, their vector-addition product, is a 
"racemate 


7.3 Optical Activity 


Optical activity is an important example of the principles discussed in the text. Plane-polarized 
light is actually the vector sum of right and left circularly polarized light, two forms of light in 
which the electric field vector propagates as a right- and left-handed helix, respectively. (See Fig. 
SG7.1.) These two forms of light are noncongruent mirror images—that is, they are enantiomers. 
In other words, plane-polarized light is "enantiomeric light." Let's call the right-handed form of 
light А, and the left-handed form 5. Suppose that plane polarized light—consisting of equal 
amounts of А and < forms—is passed through an enantiomerically pure sample that has the 5 
configuration. When the light interacts with the sample, two types of interaction occur: < sample 
with 5 light, and 5 sample with А light. These two interactions are diastereomeric, because an 5.5 
combination is the diastereomer of an S.N combination. Because diastereomers have different 
energies, these two interactions have different energies—one is stronger than the other. The form 
of light with the sironger interaction is retarded in its passage through the sample. This in turn 
causes the plane of the polarized light to rotate—that is, it causes optical activity. The 
enantiomeric forms of light differ when they interact with a chiral object. 


74  Stereochemistry of Organoborane Oxidation 


The mechanism of organoborane oxidation was discussed in Further Exploration 5.1 (p. 107 of 
this manual). Retention of stereochemistry in this reaction can be understood in terms of this 
mechanism. An alkyl group on boron moves from boron to oxygen in such a way that the 
configuration of the migrating carbon is unaffected: 


Сн; MO. HO. 
-—O—BRg repeat twice) 


D —B(OR); 


a trialkvl borate 


+ 2 30H 


carbon migrates with 
retention of configuration 
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As the second part of this equation shows. this process occurs at each of the carbon-boron bonds 
to yield ultimately a trialkyl borate. Thus. a carbon—boron bond is replaced by a carbon-oxygen 
bond without changing the stereochemical configuration of the carbon. 

Finally. the resulting trialkyl borate undergoes hydrolysis to the alcohol product. The final 
hydrolysis breaks the boron-oxygen bonds but leaves the oxygen-carbon bonds unaffected. 
Because these bonds are not affected. the configuration at carbon does not change. 


H H 
ГА Ў 
diuo. OR -0H.H.0 CH; Е 
y tci ii —OR 
k A- 028 OH + 2H—OR + B(OH), 
ыз e 
H OR H 
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(3 SOLUTIONS TO PROBLEMS 


7.1 


37:3 


7.4 


Solutions to In-Text Problems 


First, the half-chair conformation is strained because the C—C—C bond angles in the fattened part of the 
molecule are widened to nearly 120°. whereas the optimal angle is 109°. (Your model may рор back from а 
half-chair to a hoat or chair if you try to place it on a tahle without halding it.) Second, there is significant 
eclipsing between some of the hydrogens. As we learned when we studied the conformations of ethane. 
eclipsing interactions are destabilizing. 


half-chair cyclohexane 
(eclipsed hydrogens are shown) 


We apply text Eq. 3.36b. text p. 110. with AG? = 7.4 kJ mol E 
Ka = 10 ACG Г? МКТ E 10 7.44 71 = 10 1.30 _ 5.1 х 10 2 


Letting the axial form be A and the equatorial form be Е, 


mw 


= = = 0.051 or [A] =0.051[£] 


Recognizing that, at 1 mol L ' total concentration, [A] + [E] — 1.0, or (incorporating the above equation), 
1.051[£] = 1.0 


from which we obtain [E] = 0.95 and [A] = 0.05. A sample of methylcyclohexane contains 95% equatcrial and 
5% axial conformation. 


Following the procedure in the solution to Problem 7.2. we first calculate the Keg for rerr-butylcyclohexane: 
Ky. 210 AG*I23041 Оу 30/571 — 19:352 3 1 x 10? 


From this we calculate, in a total concentration of mol L !, [A] = (3.1 x 10 *Y E] = 0.00031. There is about 
0.051/0.00031 = 168 times more axial conformation of methylcyclohexane than there is axial conformation of 
tert-butylcyclohexane per mole. 


(a) Because the axial conformation of fluorocyclohexane has тео fluorine-hydrogen 1.3-diaxial interactions 
(just as the axial conformation of methyleyclohexane has two methyl-hydrogen 1.3-diaxial interactions). 
the energetic cost of a single 1.3-diaxial interaction in fluorocyclohexane is 0.50 kJ mol ! (0.13 
kcal mol !). 

(b)  Inthe case of methylcyclohexance, the energy cost of an axial methyl group is slightly greater than twice 
that of the methyl-methyl interaction in gauche-butane. If we take the same approach with fluorocyclo- 
hexane and 1-fluoropropane. the energy cost of an axial fluorine in fluorocyclohexane |1.0 kJ mol". 
from part (a)| should be about twice the energy cost of a methyl—fluorine interaction in the gauche 
conformation of 1-fluoropropane. Therefore, such a gauche interaction should be about 0.50 kJ mol '. 
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ES (a) The two chair conformations of cis-1.3-dimethylcyclohexane: 


Сз с 
Pee Rg = NN 


cis-13-dimethvicyclohexane 
(b) Тһе conformations of trars-1-ethyl-4-isopropylcyclohexane: 


(CH3}2CH 


yo CH,CH oa 
af ae? CE S 


CH,CH, 


trans-\-isopropvl-4-cthyicyclohexane 


structures you drew look different from those above, either verify that they are correct with 
models. or try to manipulate your structures mentally to see whether they can be made to 
look identical to the ones above. (Study Guide Link 7.1 provides some exercises that should 
be helpful.) 


574 Don't forget that a substituted cyclohexane can be drawn in many valid ways. If the 


7.6 (a) А boat conformation of cis-1.3-dimethylcyclohexane: 
CH; 
HC 
cis-1.3-dimethylcyclohexane 


(a hoat conformation) 
(b) Remember that there are several valid ways to draw this structure. 


(CH,),CH 
C Mf — CH;CH; 


truns-1-isopropyl-4-ethylcyclohexane 
(a boat conformation) 


7:7 (a) Planar ring structures of cis-|-bromo-3-methylcyclohexane (both enantiomers): 
Br Br 


-Q 
CH; CH; 


(b) Planar ring structure of (1R,2S,38)-2-chloro- l-ethyl-3-methylcyclohexane: 


Et 
С! 
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7.8 (a) 
Br 
CH; Br 
" H 
CH; 
H 
H 
and 
Br 
CH; Br 
H 
H3C 
H 
H 
(b) 
Et CI 
Cl Et 
Me 
Me 
7.9 (а) (b) 
gh Cl 
7.0 (a) (b) 
Br 
dicum 
НС ; CH; 
Br Br 
7.11 (a) An achiral dichloro-dimethylcyclohexane that undergoes the chair interconversion to give 


conformational enantiomers: 


- Cl CH; 


CH; [e > gg 
HC с <= uc > g CH; 


(b)  Achiral dichloro-dimethylcyclohexane that undergoes the chair interconversion to give identical chiral 
structures: 
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I RO 
>. 


C Cl “2% CH Cl 
A = LE e К 
c CH; HC C^ a CH; 
| mum т ! 


(c)  Anachiral dichloro-dimethylcyciohexane that undergoes the chair interconversion to give 
conformational diastereomers: 


с e CH 
eu o [^ 
аё ЖЕЕ Л ы, 


L conformational diastereomers B 


7.12 As the discussion in this section of the text has shown. a molecule is chiral (that is, can be isolated in optically 
active form) when its planar structure is not congruent to its mirror image. 


(a) — Trans-1,2-dimethylcyclohexane can be isolated in optically active form, because it can exist as a pair of 
enantiomers: 


Me Me 


(b)  1.I-Dimethylcyclohexane is achiral. and therefore cannot be optically active. 


Me Me 


(c) _ Cis-l-ethyl-4-methylcyclohexance is achiral, and therefore cannot be optically active. 


Et 


Me 


(d) | Cis-l-ethyl-3-methylcyclohexane can be isolated in optically active form, because it can exist as a pair of 
enantiomers: 
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Me Et 
and 
Et Me 
7.13 (а) Trans-1,4-dimethylcyclohexane does not have asymmetric carbons because none exist that are 
tetrahedral and attached to four different groups. 
Me 
| 
Ме 


(b) The starred carbons are stereocenters because if you change the configuration at either carbon, vou get its 
stereoisomer. cis- | A-dimethylcyclohexanc. 


Me 


i 
Me 


(c) — Trans-1.4-dimethylcyclohexane is not chiral because it has a plane of symmetry (that is, an internal 
mirror plane) and a center of symmetry. These symmetry elements are shown here for one chair 
conformalion: the other has the same symmetry. (The ultimate test of chirality is that it is not congruent 


to its mirror image.) 


plane of symmetry 


ithe plane of the page) center of symmetry 


H 
E с 


(d) The two chair conformations are diastercomers. 
Me 


Me 


b. [| 
conformational diastereomers 


7.14 (a) First, draw the two chair conformations of trans-1.4-dimethylcyclohexane: 
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two | ,3-diaxial interactions 


сњ Н 
CH A 
3 > 
T але a -— 
4 H^ * CH; 
two 1,3-diaxial interactions 
B 


trans-1,4-dimethvlcyclohexane 


Conformation A has no 1.3-diaxial methyl-hydrogen interactions. Conformation В has four—two for 
each methyl group. At 3.7 kJ mol ! each. these interactions make conformation В 14.8 kJ mol less 
stable than conformation А. 


(b) The more stable conformations of the two 1.4-dimethylcyclohexanes: 


two 1,3-diaxial interactions 


CH; < eH 
*H 
H.C CH; 
trans-1.A-dimethylcyclohexane cis-1.4-dimethylcyclohexanc 


The cis isomer has the same number of 1.4 methyl-hydrogen interactions—two—as the axial 
conformation of methylcyclohexane itself, and thus has a destabilizing contribution of 7.4 kJ mol '. 
There are no destabilizing interactions in the trans isomer. 


7.15 (a) The larger terr-butyl group assumes the equatorial position: 


mu P 


CH, 
(b) The most stable conformation is the one that has the greater number of groups in the equatorial position: 
Cl 
e r аў 
f f 
r дан“ Y 
Cl | 


(с) Тһе larger isopropyl group assumes the equatorial position. The presence of oxygen does not alter the 
fact that the ring exists in a chair conformation. 


| ee Ai 
(CH,),CH 


7.16 (a)  Iftrans-1,3-dibromocyclobutane were planar, the carbon-bromine bonds would be directed in opposite 
directions; hence. their bond dipoles would cancel. and the net dipole moment of the molecule would be 
zero. In puckered trans-1.3-dibromocyclobutane. the bond dipoles do not cancel. 
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Moy ^а 


Вг Вг 
planar trans-1,3-dibromocyclobutane: puckered trans- 1,3-dibromocyclobutane: 
C— Br bond dipoles cancel C—Br bond dipoles cancel 


(b) Cyclobutane undergoes an interconversion of puckered forms analogous to the chair interconversion of 
cyclohexane. This interchanges axial and equatorial groups. Therefore, one conformation of traas-1.2- 
dimethylcyclobutane—the more stable conformation—has diequatorial substituents, and the other—the 
less stable conformation—has diaxial substituents. 


CH; 
CH, — NY 
сы CH; | 
CH; 
more stable conformation 


frans-1,2-dimethyleyclobutane 


(a)  Cis-1,2-dimethylcyclopropane is achiral: it is a meso compound. 


CH, 
Ho. 
internal mirror plane 
pe 
CH; 


cis-1.2-dimethyIcyclopropane 
(b)  Trans-1.2-dimethylcyclopropane is chiral. 


CH, НС 
He ДИ 


| 
Td “СН, 
E 


H 


trans-1.2-dimethylcyclopropane 
noncongruent mirror images 


(a)  Bicyclo[2.2.2]octane, a bridged bicyclic compound 
(b) .Bicyclo[3.2.0]heptane, a fused bicyclic compound 


A fused bicyclic compound. by cefinition, has a "zero-carbon bridge,” and will have a zero in the num»er 
associated with the name. Consequently. compound В is a fused bicyclic compound: compound А is a bridged 
bicyclic compound. 


The two indicated carbons in the following diagram of cis-decalin are axial substituents in the other гіго; conse- 
quently. the hydrogens on these carbons are involved in 1.3-diaxial interactions (double-headed arrows in the 
following structure.). There are, as in other axially-subsututed alkylcyclohexanes, two !.3-diaxial interactions 
per axial carbon. except that one is common to both carbons; hence, there are a total of three 1,3-diaxial 
interactions. Because there arc no 1.3-diaxial interactions in frans-decalin, it is more stable than cis-decalin by 3 
x 3.7 2 11.1 kJ mol! (2.65 kcal mol !). 
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7.22 
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(a) 


The model of cis-bicyclo[3.1.0]hexane is much more easily built. The smaller is a ring. the closer is the 

dihedral angle of the trans bonds to 180°. Forcing this dihedral angle to much smaller values introduces 

strain within the ring. Such a large dihedral angle causes the ends of trans bonds to be too far apart to be 
readily bridged by only one carbon. 


H S 
he trans bonds Н | this distance is too large 
'H / to be bridged by only onc carbon 


cis-bicyclo[3.1.0|hexane 


more revealing. and provide you with much greater insight. than simply reading verbal 


7 Be sure to build the madels called for in this and the following problem. Models are much 


(b) 


(a) 


(b) 


(a) 


(b) 


descriptions. 


The model of trans-bicyclo|5.3.0]decane is easier to build. The larger is a ring. the easier it is to 
compress the dihedral angle of the trans bonds at the ring junction without introducing significant strain 
in the ring. This angle must be very close to 0° in order to accommodate a fused cyclopropane. that is, to 
bridge the ends of trans bonds with only one carbon. 


a dihedral angle close to 0° 
is required for the cyclopropane ring 


H.C —— strain in the larger ring 
decreases with 
increasing ring size 


H 


Compound B is less stable because it has a bridgchead double bond within a small ring. Consequently, it 
would have the greater (more positive or less negative) heat of formation. 

Although both molecules have bridgehead double bonds, the double bond in compound В is more 
twisted, and a model of this molecule is more difficult to build. Consequently, compound B is less stable 
and therefore would have the greater (more positive or less negative) heat of formation. 


Because a nail and a hammer are achiral objects. all interactions of these objects with any chiral object 
(such as a hand) and its erantiomer are identical. Hence, assuming equal strength. a right and a teft hand 
should be equally adept at driving a nail. (This assumes, of course. that the person driving the nail 
doesn't accidentally bend it into some chiral shape.) In contrast, when it drives a screw. a chiral hand 
interaets with the helical (and chiral) threads of the screw. For this reason, the right and left hands of the 
same person should differ in their ability to drive a screw. 

Premeds could take out their stethoscopes and determine which side of each person the heart is on. Ог, 
you could offer to shake hands. Mr. L would extend what he calls his right hand, but to us it would be his 
left. Or. you could ask them to smell a spearmint leaf and describe the odor. (R)-Carvone, the active 
principle of spearmint, has a spearmint odor, but its enantiomer ($)-carvone smells like caraway (the 
odor of rye bread). (R)-Carvone would smell like caraway to Mr. L. 
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(R)-(-)-carv ane 


In any case. the point is that the two mirror images are distinguished by comparing a chiral reference 
element (our bodies, our right hands, or the odors or tastes of enantiomers) with the corresponding 
elements of the two people. 


7.24 (a) Because enantiomers react with achiral compounds at the same rate. enantiomers are formed in equal 
amounts. 


H CH; HIC H 


ES Br ш не 43 Br 


enantiomers; formed at the same rate 


(b) Епапіотегѕ react at different rates with chiral reagents, so the products are diastereomers formed in 
unequal amounts. 


uS V бн. ЊН ON оң 
2 a А ^. 
ae =“ р 


HaC | HC 
diastereomers. formed at the different rates 
TAS Three stereoisomers of 2.3-dibromobuiane—(25.35), (2R.3R). and meso—could form in bromine addition to 
cis-2-butenc. The enantiomers, (25,35) and (2R,3R), must be formed in identical amounts (that is, as a racemic 


mixture) because the starting materials are achiral. The meso diastercomer is formed in different amounts from 
the racemate. 


7.26 Hydroboration-oxidation of trans-2-butene gives racemic 2-butanol—that is, two enantiomers formed in equal 


amounts. 
Hs H 1) BH, THF | 1 
rane 2) H0, “OH 


1 CHCH- Сон но S cron, 
H CH; н, Сн, 


racemic 2-butunol 


7.27 Write all possible diastereomers resulting from addition to one enantiomer of the starting material. These are in 
principle formed in different amounts. (Prohlem 7.29 considers this case further.) 


CH; CH; CH; CH; 
Br Br «Br Br 


Br “Вг Вг ""Br 
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7.28 


7.30 
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Each of these structures has an enantiomer: drawing these gives four additional diastereomers. which are also 
formed in different amounts. (Diastereomers are always formed in different amounts in principle.) 


| f 
ee ed ee ee 
“Вг Вг “Вг Br 
A В G: D 
Each point in the process that gives А (that is. each reactive intermediate, each transition state, etc.) is 
enantiomeric to the corresponding point in the process that gives A > therefore the two processes must occur 
with identical rates. Because the starting alkene is racemic, the same amounts of the enantiomeric alkenes are 


involved in each process; therefore. the enantiomers of each pair are formed in identical amounts. Thus, A and 
А ' are formed in identical amounts; В and В are formed in identical amounts; and so on. 


Because the bromonium-ion mechanism involves anti-addition, bromine addition to cyclohexene must give 
trans-].2-dibromocyclohexane as a product. 


Br: 
O- Or A 
P Р e. 
Vg en 
(1R.2R)-1,2-dibromocyclohexane 


Reaction of the bromide ion at the other carbon of the bromonium ion gives the enantiomer of trans-1,2- 
dibromocyclohexane, and it is formed in equal amounts. 


Wa s 

Br, =+ "m 
= ee II 
B: 


(1$,29)-1.2-dibromocyclohexane 


(Refer to the structures in the solution to Problem 7.27.) Because the bromines of the product are trans, products 
B and С. and their respective enantiomers Вапа С^, аге the major products. Compounds B and B” are formed 
in identical amounts, because they are enantiomers, and compounds C and C ‘are formed in identical amounts 
for the same reason. Compounds B and C. as well as compounds B. and С“. are formed in different amounts. 
because they are diastereomers. 


(a) | Because hydroboration-oxidation is a net syn-addition. the H and OH are added to the same face of the 
alkene. This addition can occur in two different (and enantiomeric) ways to give enantiomeric products. 
which are formed in identical amounts. For ease in seeing the mode of addition. the products are shown 
in an eclipsed conformation. 


1) BH, THF 
H.C Ah. 2215-0 о MC о 
X f (retenbon) \ / , me 
с=с 02—60 p 0 — C -p 
D D HO H OH 
(25,35) QR3R) 


(b) — It is always true that, for a stereospecific reaction, use of a diastereomeric starting material gives the 
diastereomeric set of enantiomeric products, which are formed in identical amounts. As in part (a), the 
products are shown in eclipsed conformations. 
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7.31 


1) BH, THF 
(syn-addition) 
НС D 2) H,0,, "OH Hic D D CH; 
^ / (retention) — _ \ / \ / 
С=С ———— — "e. 8 C—C-— cH * н.с — Cp 
у \ y Жүз ТҮ, 
D CH; HO H H OH 
(25.3R) QR.3S) 
Two products are formed, resulting from whether the BH; adds from the top or bottom face of the alkene. The 
two products are enantiomers, forming in equal amounts 
ene 2) нё, “OH Р med 
EE "ow ч + won oH 
H CH; HO H H CH; 
25, 35 2К. ЗЕ 
enantiomers: formed in identical amounts 
(a)  Oxymercuration is an anti-addition. Two enantiomeric products are formed in equal amounts. 
"e ун i^ A H. OH 
OAc), H;O 1 А 
с=с ceo CCH + Њон 
7 N m / 1 
H CH; H HgOAc AcOHg H 
enantiomers; equal amounts are farmed 
(b) Тһе enantiomeric products of the reaction in pari (a) are shown below as P and Р’, Because the 
NaBD /NaOH reaction occurs with Joss of stereochemistry. two diastereomers are formed from each of 
the enantiomers P and P . As a result, all four possible stereoisomers are formed. 
HO H H OH HO H HO CH, 
\ ГА * / \ Р "d 
C—O Hs HC со ans 4 ссн + 
HC / \ i \ CH; hc", N HC" y V 
H HgOAc AcOHg H H D H D 
P P > ‘ - 
products from P 
H OH HC OH 
Hees. un HM. ud 
3 е => 
Роњ + сов 
0 Н р 
: Р 
products from Р” 
(a) Alkenes A and В give a single compound: these products are achiral have no stereocenters. 
CH; 
OH 
OH 
product from А product from В 


(b)  Alkene C gives two diastereomers. (Each a mixture of two enantiomers formed in equal amounts, 
because the overall reaction is not stereospecific.) 
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CH; OH 

OH , CH; 
X >Н 
CH; CH; 


products from C 
(cach onc is racemic) 


(c) X Alkene D gives two constitutional isomers, each of which is a mixture of two diastercomers. 


НС НС НС н OH НС m H 
He „OH He H He H 
H OH 
constitutional isomer #1 constitutional isomer #2 
(a mixture of diastereomers) (a mixture of diastereomers) 
Solutions to Additional Problems 
(a) Two possible answers are the following: (b) 
H 
URSRIBES E сыы bicvclo|2.1.! |hexane (S)-4-cyclobutylcyclohexane 


Methylcyclohexane and (£)-4-methyl-2-hexene are constitutional isomers. Hence. they have the same 
molecular mass but different properties. 


сн, нс H 
CENE. 
с=с 
/ 


x 
H ненен, 
CH, 


(£)-4-methyl-2-hexene 
(* = asymmetric carbon) 


methylcyclohexane 


(a) А molecular mass determination would not distinguish between the two compounds because their 
molecular masses are identical. 

(b) Uptake of Н» over a catalyst would distinguish between the two compounds because the alkene would 
take up hydrogen in the presence of a catalyst, whereas the cycloalkane would not. 

(c) The reaction with Br; would distinguish between the two compounds because the alkene would 
decolorize Br; solution (because alkenes react with Brz). whereas the alkane would not. 

(d) — Determination of the molecular formula would not distinguish between the two compounds because both 
compounds are isomers: they have the same formula. 

(e) Because constitutional isomers have different physical properties. determination of the heat of formation 
would distinguish between the two compounds. (Which would have the greater heat of formation?) 

(f) | Enantiomeric resolution would distinguish between the two because (E)-4-methyl-2-hexene is chiral. and 
can be resolved into enantiomers, whereas methylcyclohexane, an achiral compound, cannot be. 


As the problem indicates, 2-pentanol is a chiral molecule. 
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OH 
CH3CHCH;CH;CH; 
2-pentanol 
Distinguishing between enantiomers requires a technique that has a chiral attribute. 


(a)  Boiling point does not disiinguish between two enantiomers. 

(b) Optical rotation does have a chiral aspect, and therefore can distinguish between two enantiomers. (See 
Further Exploration 7.3.) 

(c) Because hexane is an achiral solvent. enantiomers have identical solubilities in hexane. 

(d) Density is not a chiral property, and therefore the two enantiomers have identical densities. 

(e) Тһе solubilities of two enantiomers in principle differ in an enantiomerically pure chiral solvent. 

(0) Dipole moment is not a chiral property. and therefore the two enantiomers have identical dipole 
moments. 

(g) Because taste buds are chiral. they in principle differentiate between two enantiomers. 


(a) (b) 


(c) 
CI 
3 


С! 


(a) — In this compound the large tert-butyl group must assume the equatorial position. The positions of the 
other groups follow from their positions relative to the tert-butyl group. 


” CH; 
2—70, 
(CHet 0 / 
CH; 


(b) Іа choosing which conformation to draw. the goal is to put the maximum number of methyl groups 
possible in equatorial positions. 
CH; 
CH; 
CH; 
CH; 
CH; 


(a) The equilibrium constant is given as 2.07 for the ratio [equatorial]/[axial]. The standard free-energy 
difference is calculated by applying Eq. 3.35. text p. 110: 
AG" = -2.30RT log (2.07) = -(5.71 kJ mol (0.316) = -1.80 kJ mol! 


In other words. for the equilibrium axial === equatorial. the equatorial form has the lower standard free 
energy. and is thus more stable. 


(b) The standard free energy change for the reaction equatorial @=® axial is 49.2 kJ mol '; the axial confor- 
mation has the higher standard free energy. The equilibrium constant is calculated by applying Eq. 3.36b. 
text p. 110. 


К 1076723087. (g9:2521 р) 55 4 x 107 


That is, the ratio [axial |/|equatorial] is 0.024. This means that there is 1/0.024 = 42 times as much equa- 
torial conformation as there is axial conformation at equilibrium. 
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7.40 
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A rapid rotation can occur about the bond between the cyclohexane ring and the ethyl group so that the van der 
Waals radii of the methyl group and the axial hydrogens do not overlap. 


like a CH4-H interaction 


н CH, 
н HC- cy H H— c CH, H Нон 
А В B' 


In the conformations В and B’, the interactions of the axial hydrogens with the hydrogens of the ethyl group are 
about the same as the corresponding interactions in а methyl-hydrogen 1.3-diaxial interaction. As a result, the 
ethyl-hydrogen interaction has аһош the same energy cost as a methyl-hydrogen interaction. 


There is a little more to this situation than meets the eye. Because conformation A has relatively 
high energy. it is effectively "locked out" of the conformational equilibrium. This means that 
axial ethylcyclohexane has two rather than three conformations about the ring-ethyl bond. In 
other words. axial ethylcyclohexane has reduced freedom of motion. This conformational 
constraint would be expected to show up in its entropy, and, in fact, it does. Axial 
ethyleyclohexane has a lower AS? than axial methylcyclohexune; this lower entropy increases 
its standard free energy. because АС° = AH? — TAS". However. in equatorial ethylcyclohexane. 
there are two gauche methyl-CH; interactions with the ring that are not present in equatorial 
methylcyclohexance. 


„Н 


HE. As 
т е e 4 
H 1н 
CH; 
B H E 
VT 


like a gauche-butane 
CH,-H interaction 


These interactions raise the enthalpy of the equatorial form of ethylcyclohexane relative to 
methylcyclohexane and raise its free energy. These two changes— decreased entropy in the 
axial conformation. and increased enthalpy in the equatorial conformation — almost exactly 
compensate. 


(a) Compound A can be prepared by hydroboration—oxidation from either cis- or trans-3-hexene because the 
alkene is symmetrical and. for that reason. regiosclectivity and stereoselectivity are not relevant. 


1) BH,, THE i 
2) H0, "OH 
CH,CH,CH = CHCH,CH, 592-9" —.— CH,CH;CHCH;CH;CH, 
3-hexenc 3-hexanol 
(compound 4) 


Hydroboration-oxidation of 1-methylcyclopentene would give compound D, not its diastereomer B, 
because this reaction sequence results in a syn-addition. 
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7.42 


H 
е CH; 1) BH}. THF 


Ир Т 250.04. CH; 
V ("OH 


H 


(+)-trans-2-methyl-1-cyclohexanol 
(compound D) 


1 -methslcyclopentene 


Compound D is racemic. and is therefore a 50:50 mixture of the stercoisomer shown above and its 
enantiomer. 

Compound C cannot be produced by hydroboration—oxidation of an alkene because the OH group 
would have to end up at the more branched carbon of any possible alkene starting material. 


(b) Compound А could be formed by oxymercuration-reduction from either cis- or trans-3-hexene because 
the alkene is symmetrical and, for that reason. regioselectivity and stereoselectivity are not relevant. 
Oxymercuration-recuction of 1 -methylcyclopentene gives compound С: therefore compounds В 
and D are not formed. 


CH 1) Hg(OAc),, H;O CH, 
CY 2 — g) NaBH, NaOH Ai 
- —H 

H 


1-methylcyclopentene 
(+)-1-methyl-1-cyclohexanol 
(compound C) 
For reaction (1): 
(a) The products: 
CH; CH; CH; CH, 
| | 
CH4CH;CH — CH—CH,OH +  CH;CH;CH — CH — CH;OH 
R R R S 
(b) The two products are diastereomers. 
(c) The two products are formed in different amounts. 


(d) The two products have different boiling points and melting points, and could therefore be separated (in 
principle) by fractional distillation or fractional crystallization. 


For reaction (2): 
(a) The products: 
Br 
ТРИИ 
m 
Rand 5 


(b)  Thetwo products are enantiomers. 

(c) The two products are formed in identical amounts. 

(d) Тһе two products have identical boiling points and identical melting points. An enantiomeric resolution 
would be required to separate the two compounds. 


For reaction (3): 


(a) The products: 
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Br 
| 
CH4CH;CHCH;Br 
Rand S 


(b) The two products are enantiomers. 

(c) The two products are formed in identical amounts. 

(d) The two products have identical boiling points and identical melting points. An enantiomeric resolution 
would be required to separate the two compounds. 


For reaction (4): 


(a) The starting alkene is racemic. and is therefore an equimolar mixture of two enantiomers. To predict the 
products, make the prediciion for cach enantiomer separately and then combine the results. 


Ph Ph Ph Ph 
| s | R | s | R 
ыа + шу ашы + шлш + is all 
S S R R 
Br Br Br Br 
А В C D 
from the 35 alkene from the ЗА alkene 


(b) Compounds A and В. which come from the 5 enantiomer of the starting material. are diastereomers, as 
are compounds C and D, which come from the & enantiomer of the starting material. Compounds A and 
C and compounds В and D are also diastereomers. Compounds A and D. as well as compounds В and C, 
are enantiomers. 

(c) The diastereomers are formed in different amounts: the enantiomers are formed in identical amounts. 

id) — Any pair of diastereomers have different melting points nnd boiling points; any pair of enantiomers have 
identical melting points and boiling points. 


For reaction (5): 


(a) The product: 


(b)-(d) Only one product is formed. 
For reaction (6): 


(a) Тһе starting alkene is a single enantiomer of a chiral compound. Two syn-additions of D: are possible: 
one from the upper face of the double bond. and one from the lower face. 


H Н 18 H D 
Dy H 
Fc 
H D 4 H 
addition from the upper face addition from the lower face 


(b)-(d) As the foregoing structures show, the two modes of addition give the same product: so, only one 
structure is possible. 


7.43 (a) An achiral tetramethylcyclohexane that undergoes the chair interconversion to give identical molecules: 
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CH; нс 
HaC up CH; 


CH; CH; 


(b) An achiral vimethylcyclohexane that undergoes the chair interconversion to give conformational 


diastereomers: 
HC " 
ur IPSA а “Е 
HC Hs 


(c)  Achiral trimethylcyclohexane that undergoes the chair interconversion to give conformational 


diastereomers: 
CH; 
—— 
"dar == 


(d) — An achiral tetramethylcyclohexane that undergoes the chair interconversion to give conformational 
enantiomers: 


CH; 


120 
4 


— 


ie " UNS = ы 
Б 64 
H3C Hs CH; CH; 


Н; CH; CH; CH; CH; 


conformational enantiomers 


7.44 The conformational representation of the steroid: 


angular methyls 


OH CH, 
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7.45 The chair conformations of glucose: 
CH;OH 
HO Ve о fro OH 
— 
HO 
OH 
OH OH OH 
A B 


Conformation A is more stable because all the substituents (except one) are equatorial. 


7.46 (a) Anti-addition can occur to give two chiral diastereomers, which will be formed in different amounts. 
Each is a single enantiomer because the starting material is a single enantiomer. 


CH; CH; CH; 

Br ta 
+ 

м, 

HC HC Br TÉ Br 


(3R,SR)-3,5-dimethylcyclopentene 


(b) The bromonium ion derived from the reaction of cyclopentene with bromine undergoes backside 
substitution by water to give the trans-bromohydrin, which is chiral. Because the starting materials are 
achiral, the chiral product is obtained as a racemate. 


Br P 
C7 + Br + HO —» + ET 
“он 


7.47 The two dibromides are the two diastereomeric trans-disubstituted frans-decalin derivatives: 


Br 
Pec ns EU 
EN 
Br 
Br 


The different compounds result from the reaction of bromide ion with the bromonium ion at the two possible 
carbons. (Be sure to work through this mechanism.) Because the starting alkene is chiral. cach diastereomer is 
obtained as a single enantiomer. Also. remember that the rings of a trans-decalin do not undergo the chair 
interconversion. 


/ + B, — 


Br 


OH 


7.48 Given that addition of bromine at each double bond is anti, two diastereomers of 1.2.4.5-tetrabromocyclohexane 
can be formed. One is the achiral meso compound, and the other is the racemate. 


Br Br Br Br 
Q ОС XX 
Br” “Br Bre” Br 

meso 


racematc 


Because these are diastereomers. they have different physical properties, including melting points. 
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Assuming you had samples of the two compounds but didn't know which was which. what 

=> experiment could you do that might identify the two compounds? (Answer: Carry out an 
enantiomeric resolution. The compound that can be separated into optically active 
components — its two enantiomers—is identified as the racemate.) It turns out that the meso 
compound is the higher-melting stereoisomer. 


Compound A is not consistent with the data because it is meso and cannot be optically active. Compound B is 
consistent with the data because it is chiral and would hydrogenate to give trans- 1,4-dimethylcyclohexane, an 
achiral product. Compound C is consistent with the data because it is chiral and would hydrogenate to give a 
mixture of cis- and trans- 1.4-dimethylcyclohexane. both of which are achiral products. Compound D is not 
consistent with the data. because, although it is chiral and thus optically active. it would hydrogenate to give a 
chiral and optically active product, (15,3.5)- 1,3-dimethylcyclohexane. Compound E is пог consistent with the 
data because it is not chiral and therefore could not be optically active. 


Because this is an amine. both the chair interconversion and amine inversion can occur. The amine inversion 
interchanges the axial and equatorial positions of the electron pair and the hydrogen on the nitrogen without 
interconverüng the chair conformations of the ring. Thus. four chair conformations are in rapid equilibrium: 


chair 


interconversion 


amine 
inversion 


amine 
inversion 


interconversion 


А T= D 
gr 
CH 
сн, - =" 3 


(a) Тһе only stereocenter in the molecule is the nitrogen. which rapidly undergoes inversion. а process that 
rapidly interconverts enantiomers. Consequently, this compound cannot be resolved into enantiomers at 
room temperature. 

(b) Because nitrogen inversion interconverts enantiomers, the compound cannot be resolved into 
enantiomers. 

(c) Тһе bicyclic structure prevents the nitrogens from inverting (see the solution to Problem 7.75). 
and both nitrogens are stereocenters. Consequently, the molecule is chiral and can be resolved into 
enantiomers. 

(d) Тһе asymmetric ring carbon causes the molecule to be chiral: inversion of the nitrogen interconverts 
diastereomers. Hence. the compound can be resolved into two enantiomeric sets of rapidly 
interconverting diastereomers. (This case is much like the one in Problem 6.22.) 


In the transition state for inversion of both amines, the nitrogen is sp*-hybridized. The C—N—C angle required 
by this hybridization is 120^. This angle is much more difficult to achieve within a three-membered rirg. which 
has an optimal C—N—C angle of 607, than it is in within a five-membered ring. which has an optimal 
C—N—€ angle of 109°. Hence. there is much more angle strain in the transition state for inversion of 1-meth- 
ylaziridine than there is in the transition state for inversion of 1-methylpyrrolidine. For this reason. the transi- 
tion state for inversion of the aziridine derivative has a very high energy. and nitrogen inversion in this 
derivative is very slow. (This is а very unusual situation, since inversion of most amines is very rapid: see Sec 
6.10B.) 
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ring angle = 60°; ур" hybridization 
requires 120^; therefore this transition state f> N— CH; 
contains a large amount of angle strain 
sp` -hybridized 
transition states 
1 for amine inversion 


ring angle = 109°; sp hybridization 
requires 120°; therefore this transition state | Z 'N —CH, 


contains less angle strain 6 


7:53 The cis isomer of the starting alkene was used. This is shown by starting with the cis isomer and imagining the 
syn-addition of the two OH groups to the same face of the double bond. 
OH OH bs pa 
Hw it i 4H кмлО, СОН С—С R— = CH4CH3;— 
(+ n ~ 
поа coo ow 7 Е 


addition to a symmetrical 


cis alkene а meso stereoisomer 


By a similar analysis. syn-addition to the trans isomer of the alkene gives the racemate. (You should 
demonstrate this to yourself.) 


As this example and the examples in Secs. 7.8C and 7.8D of the text show. there is a 
c» relationship between the stereochemistry of the alkene, the stereochemistry of the reaction, and 
the stereochemistry of the product. If we specify any two of these, the other is determined. 


7.54 (а) Imagine both syn- and anti-additions to fumarate with the OD entering from the face of the alkene that 
leads to the product malate-3-d in which carbon-2 has the 5 configuration. А syn-addition will lead to 
(2S, 3S)-malate-3-d. whereas an anti-addition will lead to the observed 2R.3R product. Therefore, the 
reaction is an anti-addition. 


DO D 
| a Sem 
; |! „СО; 51-addition _ co Creer 
beilo айшә, Hr T NOU, 
Oc H оќ H 


(28.38)-malate-3-d 


Р DO Co; 
„А T CO; anti-addition „ Ma aem 
“00 UR uc E 
Ц Ole D 
(28,3 R)-malate-3-d 
(observed) 


There are experimental techniques — for example. NMR spectroscopy. which is the subject of 
=> Chapter 13—that can make the subtle stereochemical distinctions required to solve stereo- 
chemical problems like this. 


(b) Тһе use of DO allows us to differentiate the protons of the solvent from those of the starting material. 
The stereochemistry of the addition cannot be determined without this distinction. 
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7.55 (a) There are two enantiomeric (and therefore chemically equivalent) modes of anti-addition that give 
enantiomeric products as a racemate, and therefore equal amounts. 


Br Br CH,CH, 
Hw с=с - CH;CH; anti-addition : сен 
НС i >s H H ?/ N 
| HC Br 
Br 
(2R3S)-2.3-dibromopentane 

Br H Br 

H | „сн,сн ТА Hcc c. 

~ C= - 2—13 anti-addition = » E: ^ CH;CHj 


Br (25.3R)-2.3-dibromopentane 


The difference in this addition and the addition to frans-2-butene is that there is no meso stereoisomer 
possible here. Meso praducts are only possible if the alkene is symmetrical. 


(b) This is essentially like the addition іп part (a), except that the nucleophile that reacts with the bromonium 
ion is water: a bromohydrin is formed rather than a dibromide. (See Sec. 5.2B in the text to review this 
reaction.) The product is а racemic mixture. 


В Br Снн, 
Н... i CHCH, ann-addilion Н 
С=С eee c—c— 
сиң үн H7 N 
(3S.AR)-A-bromo-3-hex2nol 
OH H УВ! 
CH;CH;." 
Н... c CHCH, anti-addition _ А » ES = CH;CH; 
CHCHy т AH Вг H 
Br 


(3R,AS)-4-bromo-3-hexanol 


(c) Catalytic hydrogenation is a syn-addition. Analyzing this case in the same manner as part (a) gives the 
result that the product is the meso stercoisamer of hexane-3,4-d^. 


D D D 
i»: =cc" Xvir-addilion . „ы са б. 
CH4CH; CH;CH; H H 
CH4CH; CH;CH; 


meso-hexane-3,4-d 


(Convince yourself that addition fram the lower face of the alkene gives the same product, and in an 
equal amount.) 


As with other syn-additions, showing the product in an eclipsed conformation is the easiest way 

=> ta derive its stereochemistry and to see the symmetry relationships involved. The molecule 
doesn't exist in this conformation. The rapid internal rotations that occur in molecules like this 
allow us to use whatever conformation we like in deducing stereochemistry. This point was 
discussed in Sec. 6.94 in the text. 


hio port Ol 163 mar aad om £y пе ріп абі С néwvedwr cy pe hued te pusl cer ycu irj 1^ e ^3 nili i mar aal pire vidt inp jJ neople own ык y риёл edu 


196 CHAPTER 7 - CYCLIC COMPOUNDS. STEREOCHEMISTRY OF REACTIONS 


(d) Analyze the problem as in part (c). The reaction is a net syn-addition that gives a racemic product. 


diia D он 
Н...) i „Н vyn-addition „ \ 4 
CHyCH, = “х=сн;сн, а NH 
CH;CH; CH,CH, 
(38,42 )-3-hexvanol-4-d 
* i HOD 
Haw} „Н syn-addition Aic ut 
снусн, CT EN CHCH, HE б-н 


CH4CH; CH;CH; 
(3R,4S)-3-hexanol-4-d 
(Convince yourself that the two modes of addition from the bottom face of the alkene give the same 


products.) 


7.56 To follow the hint in the problem, interpret each chair structure as a planar “line-and-wedge™ structure. If these 
two structures are congruent, then the two chair structures are either identical or are conformational 
stereoisomers. Decide between these by using the chair structures themselves. If the two chair structures are not 
congruent, then use their planar representations to decide on their relationship. 


(a) The planar representations are identical: 
rotate 180° in the 
1 „plane of the page | th 


Therefore, two chair structures are either identical or they are conformational stereoisomers. Examination 
of the chair structures is necessary to reveal which alternative is correct. Let's rotate the second structure 
in the problem 180° about the axis shown to place all substituents in the same relative positions. 


7 


first structure second structure 


These two chair structures are mirror images. and you should convince yourself that they are 
noncongruent mirror images—that is. enantiomers. The chair interconversion converts the first structure 
into the second: hence, the two chair structures are conformational enantiomers. 


Мо бәл cf th& тагъа Бе uasded cr diitilbuled witout реч тугой publahe E you brad an enon б hn marua, play vat Irip//penpie phuimacy ound amid 


(b) 


(c) 


7.57 (a) 
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CH, CH; 
њо chair interconversion | сн, 
НС m CH, CH; 
first structure second structure (as redrawn) 


Remember that the use of madels ta solve problems in which two structures are compared 


requires nvo models, onc of the original structure and another of the structure with which it is 
compared. 


Following the procedure in рап (a) reveals that these two molecules are enantiomers. (Convince yourself 
that these are noncongruent mirror images.) 


Their enantiomeric relationship might not be obvious from the two chair structures without subjecting 
one of them to the chair irterconversion. 


CH 
CH; ‘ 


C chair 
3  jnterconversion H.C 
=———= 
CH 
CH; сњ HC 


first structure 


H.C 


second structure 


E: enantiomers | 


Use of the planar structures avoids this additional manipulation. 


The types of manipulations are similar to the ones in parts (a) and (b). The two molecules yield planar 
structures that. after a little manipulation, can be shown to be identical. The chair interconversicn of one 
yields the other: hence, the two chair conformations are in fact identical; demonstration of the identity 
requires some manipulation of the two chair structures. (We leave it to you to demonstrate these points.) 


Problem 7.56 is a particularly good test of your ability to manipulate cyclohexane rings. If you 


were able to salve it without a great deal of difficulty, you have probably mastered the art of 
handling chair conformations. 


Hydration involves a carbocation intermediate. Because a carbocation can react with a nucleophile at 
cither face of its vacant 2p orbital, a mixture of stereoisomeric hydration products A and В is expected. 
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from top from bottom 
юр ss 
:OD; + 
CH бо, 
г .. 3 
CH; x Op, + CH; 
H :ÓD; “Нн |"H 
bottom D D 
up e 
CH; ÖD + 
x * Pp, S + 0,0 
OD Ch >? 
“H hz H 
D D 
{ 8 


(b) As in the solution to Problem 7.54(b). the use of D;O allows us to differentiate the protons of the solvent 
from those of the starting material. 

(с) The two hydrogens referred to in part (b) could also be distinguished if the one in the starting alkene is 
replaced by a deuterium, and H,0* is used as the acid—that is. if an alkene of the following structure is 


used: 
OL 
D 


You should work out the detailed mechanism. as in part (a). ta demonstrate !his point. 


7.58 (a)  Thetwo chiral stereoisomers are the following enantiomeric pair: 


Ci e 

(e „с Gs. Ci 

ү “а с! Ci 
С! ĈI 


(b) Тһе only candidate structures are those in which the number of axial chlorines equals the number of 
equatorial chlorines. In addition. the two chlorines within each of the three pairs that have a 1,4-relation- 
ship must differ in whether their positions are axial or equatorial. Thus, each of the following 
stereoisomers has two identical chair conformations. (The numbers refer to corresponding carbons.) 
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CI Cl at CI T Cl Cl 
с 
Cl E CI HB e N Ee NE 3 CI e | 
WELL —— =: Ci 2 
Ci Cl Cl . Cl Cl 


а 


. chair | А G 
a interconversion CI А \ 
я” 
СІ 
азай а © 
С! 
CI 


A systematic way to work this problem is to start with all methyl groups in a cis arrangement; then change the 
stereochemistry one group at a time. 


CH, CH; CH, 


CH; 
ony HC... CH; б А. ACH HC m 
4 


B C D 


(meso) 
— enantiomers 


(meso) 


We could go on to start with stereoisomer А and change two groups at a time in all possible ways, and then 
change all three groups. But when we do this. we find that all "new" possibilities are identical to one of the 
foregoing compounds A-D. Therefore, there are four stereaisomers—two meso compounds and two 
enantiomers. 


(a) 
(b) 
(c) 
(d) 
(e) 
(f) 


False. They are diastereomers, and they are not interconvertible without breaking bonds. 
False. As noted in (a), they are stereoisomers; they have the same connectivity. 

True, as noted in part (a). 

True, as noted in part (a). 

False, because they are not mirror images (and also because they are diastereomers). 
False. They do not interconvert at all. 


Olean can exist as a pair of non-congruent mirror images, therefore it is a chiral compound. Additionally, it 
contains no symmetry elements. Although it may appear that there is a plane of symmetry based on the way that 
it is presented in the problem. you must remember to think about the chair conformations three dimensionally 
(you may wish to build a model). The compound may also be presented as follows: a clear lack of symmetry is 
visible this way, and the two enantiomers can be seen as mirror images. 


(a) 
(b) 


S-olean R-olcan 
False. It is chiral. there are no symmetry elements. 
False, as noted in part (а). 
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(c) True. the compound is chiral and it contains an asymmetric atom: the carbon at the bridgehead where the 
two rings connect. 

(d) — True, the carbon in noted in part (c) is also а stereocenter, because exchanging the attachment of any two 
groups would produce a stercoisomer (specifically. the enantiomer). 

(e) False, the compound has a stercocenter as noted in part (d). 


Evidence suggests that the female fruit fly secretes olean as a racemate (mixture of both 

c» enantiomers). but laboratory tests show that male fruit flies are only attracted to the (R)-(-)- 
enantiomer, and ignore the (S)-(+)-enantiomer. Another example of the chirality of many 
natural systems! 


(a) Truc. This compound is achiral, as а planc of symmetry cxists. Its mirror image is congruent. This 
compound also contains a stereocenter, two actually. Each of the bridgehead carbons are stereocenters, 
because switching two groups at either one would produce a stercoisomer. specifically a diastereomer of 
the one shown. 

(b) False, as noted in part (a), the compound contains stercocenters. 

(c) False. the compound is achiral and it contains no asymmetric atoms. 

(d) False. the compound is achiral. 

(e) False, the compound is achiral. 


If the chirality of structures (a)-(c) is not clear, draw the mirror image in each case and test it for congruence. 
This process is essential for cases of this naturc. 


(a) (b) (c) (d) 
CH; 
CH; CH; Н..2, CH; 
Нн? CH; Hs. CH; 
0 0 Н" CH; 
H CH; CH; 
chiral chiral chiral achiral (a meso compound) 


In order for a compound to exist in a relatively high-energy twist-hoat conformation, there must be a good 
reason for it to avoid the chair. Indeed. compounds В and D have very severe 1.3-diaxial interactions between a 
tert-butyl group and a methyl group in the chair conformations shown. Compound D. a cis-decalin derivative, 
can avoid its 1.3-diaxial interaction by undergoing a chair interconversion. However, compound В, a trans- 
decalin derivative. cannot undergo the chair interconversion (see Eq. 7.18. text p. 296). Hence, the only way it 
can avoid the 1,3-diaxial interaction is for the ring containing the tert-butyl group to assume a twist-boat 
conformation. The correct answer, then. is В. 


Cis-1,3-di-tert-butylcyclohexane can exist in a chair conformation (A) in which both reri-buty! groups are 
equatorial. However, in either chair conformation of trans-1.3-di-tert-butylcyclohexanc (B). there is an axial 
tert-butyl group. The axial tert-butyl group can be avoided if compound B exists in a twist-boat conformation C. 
in which both ;ert-butyl groups are equatorial, (This conformation is shown as a boat for simplicity.) Evidently 
the twist-boat conformation is more stable than either chair conformation containing an axial tert-buty! group. 
The intcraction of thc methyl groups with the ring hydrogens should be about the same in both conformations А 
and С, so that these cancel in the comparison. 


be upasded cr diitiibured wittout рел тты publanes © уо. rad т п трета, plea үй 


SOLUTIONS TO PROBLEMS - CHAPTER 7 201 


C(CH3); 
C(CH3); >» 
C(CHs)3 
(СНз) (CH3)3C 
à i (CH3)3C 
cís-1,3-di-tert-butvlcyclohexane = = 
4 trans-| 3-di-tert-butyleyclohexane 
B 
C(CH 
(СНз), ( 3 
C 


7.66 Within each structure, count the |,3-diaxial interactions between the methyl group and axial ring hydrogens 
four carbons away (counting the methyl as one carbon). These are shown with double-headed arrows in the 
structures of A and B below. (There are no methyl-hydrogen 1.3-diaxial interactions in compound C.) 


as 

m CH) = —H H ———5 CH; 
a 

H H 


A B 


Each interaction shown adds 3.7 kJ mol ' to the heat of formation relative to that of C. Consequently. C has the 
lowest heat of formation: the heat of formation of B is (2 х 3.7) = 7.4 kJ mol | greater: and the heat of formation 
of A is (3 x 3.7) = 11.1 kJ mol ! greater than that of C. 


7.67 (a) Trans-decalin, С. is more stable than cis-decalin. A (see Problem 7.20. text p. 296). However. neither 
conipound has angle strain. Compound B is least stable because of the strain in its four-membered ring. 
You can see from Table 7.1. text p. 273, that the strain іп a cyclobutane ring (4 x 7.1 = 28.4 kJ mol !) is 
far more destabilizing that the three | .3-diaxial interactions (3 x 3.7 = 11.1 kJ mol !) in cis-decalin. 
Therefore, the order of increasing AH,^ is C< A < B. 
(b) Тһе ring strain in B makes it less stable than C: and the twisted double bond in A (violation of Bredt's 
rule) makes it so unstable that it cannot be isolated. Therefore, the order of increasing AH,” is C < B << 


A. 
7.68 (a) 
L Ңң y 4 y, 
НС РРО. CH; B 
°з * | T uer Уон T un Nd 
H H H НС CH; 


cis-2-hbutene borolane 
(b) The products in part (a) are enantiomers. Since they were formed from achiral reagents, they are formed 
in equal amounts. 
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(c) 
њос \сњ њо сњ 
H B H B 
mo um 
НС... з B \ / \ / 
om + —> ОС + C—C-.. 
He | НС / \ CH3 H if. \ H 
H H H HIC CH; 
cis-2-butene (2R.SR)-2.5-dimethyl- 


borolane 

(d) Тһе products in part (c) arc diastereomers. Diastereomeric transition states with different energies lead to 
the praducts, so they were formed at different rates, and thus, in different amounts. 

(c) Тһе organoborane can approach the 7 bond of crs-2-butene molecule in two distinguishable ways. 
Approach from one face gives a transition state in which there is severe van der Waals repulsions 
between a methyl group of the alkene and a methyl group on the organoborane (structure A). Approach 
from the opposite face gives a transition state in which the van der Waals repulsion is between a 
hydrogen of the alkene and a methyl group of the borane (structure B). 


CH; 
H--B< oH, 
Сн; greater van der Waals 
нб. am pm E 
Her 794 H9 | SH сн“ ы van der Waals 
Г | Pp Hs repulsion 
A E та 
B 


Given that transition state B has less severe van der Waals repulsions, the product borane derived from 
that transition state is formed more rapidly than the product from transition state А. 

(f) When allowed to react with basic Н.О, it gives the corresponding alcohol, which has the 5 
configuration. 


њо CH; CH, 

Н<б—с—Н он 02709. снн cH 
г | \ 

H 1, OH 


(S)-2-butanal 
product from transition state B 


7.69 (a) The question states that the predominant diastereomer is formed as a result of anti-addition of H and Br 
to the alkene. That means that the two components аге added on opposite sides, ultimately leading to the 
Br and the СН, being on the same side of the ring. Thus. the predominant product is named as сіх. 
because the two larger groups are on the same side of the ring. (It's easy to get confused on this type of a 
problem. as the name of the compound seems to contradict the chemistry that's happening. The best way 
to approach the problem is to solve the chemistry first: draw the product that results from anti-addition. 
then name the products that you've formed.) 


' The H and Br added to opposite 


«i > pr a -" E sides (anti-addition), bul the 
oe a H —— "çe = product is named сїз- because 
3 m | Не Ен the methyl and Br ended up 
B CH; В! on the same side. 


cis-1-bromo-2- 
methvlcvclohexane 
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(b) After the bromine radical adds to the double bond, the first reactive intermediate in the reaction is a 
tertiary radical. You've learned that radical carbons are approximately planar. or sp -hybridized, so that 
would suggest that the hydrogen radical should have about equal access to the upper and lower faces of 
the ring. and the product would be a mixture of cis- and rrans-. However. the problem states that the 
reaction occurs with anti stereochemistry. A reasonable explanation might be that the bromine blocks one 
face of the ring. forcing the HBr to add a hydrogen radical from the opposite side. It has been postulated 
that an unusual cyclic radical bromonium ion (similar to a cyclic bromonium ion) is involved. 


bottom face blocked; HBr 
must approach from above 


7.70 (a) The two diastereomeric products result from addition at the upper (U) and (L) lower faces of the double 


bond. 
CH CH 
3 1) BH}, THF : 
2) ЊО, "0H i 
H 
OH 
U L 


(b) The methyl group shields the upper face (in steroid terminology. the a face) of the molecule like an 
umbrella. Therefore. product L is the predominant product. 


H 
н” 
C—u 
the steric effect of the methyl group 
forces the reaction to the opposite 
i (lower) face of the double bond 
H i 
BH; 
771 Because the product contains one Br. it appears that a reaction with the double band— most reasonably. an 


addition reaction—has taken place. The product X has the same degree of unsaturation as the starting material. 
If the double bond has disappeared, then there must be an additional ring. This deduction, in turn, suggests that 
a nucleophile other than bromide ion has reacted with the bromonium ion to form a ring, and the only available 
nucleophile is the —OH group. The following two possibilities for X are consistent with this deductior, in 
which the bromonium ion is formed at the less crowded upper face of the double bond. and the nucleophilic 
oxygen is then set up to react at the opposite (lower) side. 


- - 
CH;Br / Br 
N 
CH,—0O HW Ch 
1 
В 
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if you got to either of these possibilities, you've made a solid analysis. Product A is the correct one. The 
mechanism starts with the bromonium ion intermediate, formed as shown in Eq. 5.11. text p. 185. The OH 
group reacts as a nucleophile with this ion: 


" H 
+ ‘Br — zuo Po 
2 "Br: CHBr: 
CHÖH М, сн,—07 


*N s+ 
H^ «Br: 
H 
CHÈr: + H— Br: 
CH,—O 


Product В would be formed by asimilar mechanism, with the nucleophilic reaction of the OH group occurring 
at the other carbon of the bromonium ion. 

Product A is formed for two reasons. First. as shown in Eq. 5.16 and Fig. 5.1. text p. 187. nucleophiles rcact 
at the tertiary carbon of a bromonium ion. because it has a high degree of carbocation character. Second. the 
nucleophilic reaction has to take place so that the nucleophilic oxygen approaches the carbon “backside” to the 
leaving bromine. This creates, in the transition state, a 90° O—C—C angle within the six-membered ring. 
which results in considerable strain. (This point can be verified with a model.) 


We might ask why bromide ion does not react with the bromonium ion to complete the addition 

c» of bromine. It is often found that intramolecular reactions that form 5- and 6-membered rings 
are thousands of times faster than competing intermolecular reactions. This topic will be 
considered in Chapter 11. 


7.72 (a) Conformation A contains four 1,3-methyl-hydrogen diaxial interactions; the energy cost of these is (4 x 
3.7) = 14.8 kJ mol! In addition, conformation A contains a gauche-butane interaction for an additional 
2.8 kJ mol ', for a total energy cost of 2.8 + 14.8 = 17.6 kJ mol. Conformation В contains two methyl- 
hydrogen 1.3-diaxial intcractions, at an energy cost of (2 x 3.7) = 7.4 kJ mol’; a gauche-butane 
interaction at 2.8 kJ mol *; and the methyl-methyl 1.3-diaxial interaction, at an energy cost to be 
determined. Let the energy cost of a methyl-hydrogen 1.3-diaxial interaction be AG°(Me-H) = 3.7 kJ 
тоГ!, that of a methyl-hydrogen gauche-butane interaction be AG?(gauche) = 2.8 kJ mol, and let the 
energy cost of a methyl-methyl 1.3-diaxial interaction be AG°(Mc—Me). It is given that the AG‘ of the 
overall equilibrium, AG?(eq). equals 8.4 kJ mol”! and that conformation А has lower energy. Then 


AG*(eq) = AG°(B) - AG'(A) = 8.4 = 7.4 + 2.8 + AG" (Ме-Ме) - 17.6 
with all quantities in kJ mol”!. Solving for AG? (Me-Me). 
AG? (Mc—Me) = 15.8 kJ mol`! (3.8 kcal mol!) 


This calculation shows that a methyl-methyl 1,3-diaxial interaction is more than four times as costly in 
energy terms as a methyl-hydrogen 1.3-diaxial interaction. This is consistent with the greater size of a 
methyl group relative to a hydrogen. 


(b) Conformation C has no 1,3-diaxial interactions, whereas conformation D has one methyl-methyl 1,3- 
diaxial interaction. which. from part (а). costs 15.8 kJ mol, and two methyl-hydrogen 1.3-diaxial 
interactions, which cost (2 x 3.7) = 7.4 kJ mol”. Thus, conformation D is (15.8 + 7.4) = 23.2 kJ mol 
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7.74 


less stable than conformation C. The standard free energy change for the equilibrium is therefore +23.2 
kJ mol | (5.54 kcal mol !). 


In order to measure an equilibrium constant, there must be measurable amounts of both 


| c» components of the equilibrium. For the interconversion of C and D. the equilibrium constant 


(a) 


(b) 


(a) 
(b) 


can't be measured directly because too little of compound D is present. This problem illustrates 
the "counterpoise" method for making estimates of very unfavorable equilibrium constants. In 
part (a). the methyl-methyl diaxial interaction on the right is counterbalanced by the two axial 
methyl groups on the left. This strategy raises the energy of the left side of the reaction and thus 
leads to measurable amounts of both components. The "cost" of the counterbalance can then be 
subtracted because its effect is known from the conformational analysis of methylcyclohexane. 


The approach to this problem is similar to that used in Problem 7.72. The AG^ for this equilibrium, 
AG*(AB), balances two phenyl-hydrogen 1.3-diaxial interactions. on the right. against two methy!- 
hydrogen 1.3-diaxial interactions. on the left. Since AG? > 0). the equilibrium is unfavorable: evidently a 
Ph-H diaxial interaction kas a greater energy cost than а CH,-H diaxial interaction. This deduciion is 
consistent with a larger size for the Ph group. 

From the analysis in part (a). 


АС°(АВ) = 4.73 = 2AG°(Ph-H) — 2AG*(CH;-H) = 2AG°(Ph-H) - 7.4 
Solving, 
AG*(Ph-H) = (4.73 + 7.4/2 = 6.1 kJ mol ' 


In Equation (1) of the problem. two Ph-H diaxial interactions and balanced against an cquatorial Ph. As 
we have just calculated, the energy cost, and therefore AG? for equation (1). is 2 x 6.1 kJ mol ! = 12.2 kJ 
mol '. 

in Equation (2). two Ph-H diaxial interactions (13.2 kJ mol ‘Yanda gauche-butane interaction (2.8 
kJ mol |) on the left side are balanced against four methyl-hydrogen diaxial interactions on the right 
(14.8 kJ mol '). The overall AG? for equation (2) is therefore 14.8 — 15.0 = -0.2 kJ mol '. 


These compounds are noncongruent mirror images and are therefore enantiomers. 

We know that in most common cases (for example. cis- and trans-2-butenc), E,Z isomers are 
diastereomers. However, all that is needed to apply the E,Z nomenclature is a difference in priorities 
between the two groups attached to each carbon of a double bond. Using compound A as an example. the 
issue, then. is whether the two groups beginning with the carbons (a) and (b) have different priorities. 


H Ph 


There is no differences in connectivity if we begin at carbons (a) and (b) and move outwards along the 
path of highest priority within each group. However. there is a difference at the carbons themselves, and 
that difference is in their stereochemical configurations. Because we did not cover this possibility in 
Chapter 4. you would have been justified in making up your own priority rule: hut Cahn, Ingold and 
Prelog decided arhitrarily that an Ё configuration receives the higher priority. (Sce the solution ta 
Problem 6.45, which involves the same issue.) Because carbon (5) has the R configuration, and it is on 
the side of the double bond opposite to the higher-priority phenyl (Ph) group. then alkene A is the Е 
isomer. It follows that alkene B is the Z isomer. This. then. is an amusing and unusual situation in which 
E,Z isomers are actually enantiomers. 
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(a) 


(b) 


Two rings in a bridged bicyclic compound can be joined in three stereochemically different ways which 
might be termed (out. out). (inout), and (in, in). Assuming hydrogens at both bridgeheads. these ways can 
be represented schematically as follows. (The large dots are the bridgehead carbons.) 


H 
fs d 
H in, out їп, in 
Qut, oul 
As these simple diagrams suggest. the їл, out and in, in patterns require that one and two hydrogens, 
respectively, occupy the region of space within a ring. This is sterically impossible for small rings. For 
small rings, this would actually require such a distortion of the tetrahedral structure that all four bonds to 
the bridgehead carbon with the in configuration would lie on one side of a plane through this carbon. (If 
the impossibility of achieving this sort of structure is not clear. try to build a model of (іл, out)- 
bicyclo|2.2.2]octane.) The larger the rings, the larger the space within the ring. and for very large rings, 
the "inner" hydrogens can be accommodated easily within the ring and the tetrahedral bonding geometry 


of the bridgehead carbons can be achieved without significant strain. Hence, the (in, our) and (іл, in) 
stereoisomers of the 77-carbon bicyclic alkane are stable. 


Noncovalent Intermolecular 
Interactions 


STUDY GUIDE LINKS 


LT 8.1 Common Nomenclature and the n-Prefix 


Sometimes you may sce an л prefix used in the common nomenclature of some organic com- 
pounds, as in the following example: 


CH4CH;CH;CH;CH; CH3CH;CH;CH; — Br 
pentane 1-bromohutane (substitutive nomenclature) 
(sometimes called n-pentane) butyl bromide (common nomenclature) 


(sometimes called a-butyl bromide) 


The # prefix stands for "normal." At one time. the prefix ғ and the word normal were used to 
indicate an isomer containing a functional group at the end of an unbranched carbon chain. 
However, this prefix is superfluous and unnecessary. For example. the name butyl bromide itself 
means the structure shown on the right above: an additional prefix is unnecessary. Branched-chain 
isomers have other names. such as isobutyl bromide. sec-butyl bromide. or tert-butyl bromide. 
Because common names are unambiguous without the prefix n-, the IUPAC recommended 
abandoning it. Despite this recommendation, the prefix continues to be used. 


FURTHER EXPLORATIONS 


8.1 Trouton’s Rule 


The purpose of this exploration is to understand why the boiling point is a good measure of 
intermolecular interactions in the liquid state. The basis of this discussion is Trouton's rule, which 
came about from the observations by Frederick Trouton of Trinity College, Dublin. reported in 
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1884, that the boiling points of different liquids are related to their heats of vaporization in a 
simple way. 

First, let's consider the equilibrium between a pure liquid and its vapor. As in апу 
equilibrium, the free energy difference between the final state (in this case, a vapor) and the initial 
state (in this case. a liquid) is described by the familiar equation 


AG = AH – TAS (SG8.1) 


Let the boiling temperature be 7, (in Kelvin). At this temperature. liquid and vapor are in 
equilibrium, and therefore AG = 0. We can then re-write Eq. SG8.1 as 


pe (SG8.2) 


where the black-dot superscripts (*) mean that these are molar quantities. 

At the boiling point, АН is the “latent heat of vaporization,” the energy required 10 convert 
a liquid to its vapor at its boiling point. If we assume that there are no interactions between 
molecules in the gas phase (that is, the gas is ideal), then АН is a direct measure of the energies 
of the noncovalent interactions in the liquid. 

The АЗ ap is the entropy difference between gaseous and liquid states. We'll explore the 
details of entropy later in the chapter. but a simple interpretation in this context is that it measures 
freedom of motion. Our image of a liquid is that the molecules are moving randomly but are 
packed together rather closely and have a limited degree of motional freedom. (In other words, a 
molecule can't move very far without colliding with another molecule—or several other 
molecules.) In a gas. molecules are much farther apart and have a much greater freedom of 
motion. Therefore, we expect (and find) that А5", > 0. What is remarkable is that Д5, is actually 
nearly the same —about +85 J mol! K^! —for a large number of organic liquids. If this is so, then 
Eq. SG8.2 becomcs 


vap 


T, (in kelvins) = 

(SG8.3) 

This is the "modern version" of Trouton's rule. Because АН! is a direct measure of the energies 

of the noncovalent interactions in the liquid. this proves the assertion that the boiling point (in K) 

is a quantitative measure of these interactions. Notice that Trouton's rule justifies no! only the 

qualitative notion that we can think about boiling points in terms of intermolecular interactions in 
the liquid, but also gives us a way to estimate the magnitude of these interactions. 

As we might expect. there are some liquids that don't follow Trouton's rule. Water is one. 
The АБЫ for water is +109.1 J mol! К '. This is because water has а "more ordered" (lower- 
entropy) liquid state than (for example) hydrocarbons. This more ordered liquid state is caused by 
hydrogen bonding. which constrains the motion of water molecules in the liquid. Thus, when 
water is converted into a рах. in which such constraints are gone. more entropy is gained. 
However. accompanying this larger entropy gain is a larger АН? y Because of the hydrogen bonds 
in the liquid. АН is also unusually large because the hydrogen bonds have to be broken to form 
the gas. In other words, AH ap and ASt ap tend to compensate in cases like this. Thus, using the 
boiling point as a crude measure of intermolecular interactions is justified even for liquids that do 
not follow Trouton s rule exactly. 
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9 SOLUTIONS ТО PROBLEMS 


8.1 


8.2 


8.3 


8.4 


8.5 


Solutions to In-Text Problems 


(a)  Isobutyl fluoride is a primary alkyl halide. 

(b)  Hexyl iodide is a primary alkyl halide. 

(c) Cyclopentyl bromide is a secondary alkyl halide. 
(d) | Neopentyl chloride is a primary alkyl halide. 


(a) (b) 

ү 

CH,CCH;CH,CHCH, 
| 
! С! 
с бщ oe 
22-dichloro-5-methylhexane chlorocyclopropane 
(c) (d) 
НС = —Br 
I—CH;—1 
Cl 


methylene iodide 
6-bromo-1-chloro-3-methylcyclohexene 


(a) — 3-bromo-3-chloro- | -methylcyclopropene 

(b) (Z)-3-chloro-2-pentene 

(c) 3-bromo- I.1.1-trichloro-2-fluorobutane 

(d)  chloroform (HCCI) is the traditional name for trichloromethane. 

(e) neopentyl bromide |(CH4;)4C—CH;—Br| is the common name for | -bromo-2.2-dimethylpropane. 
(f) trans-|,3-dibromocyclobutane 

(g)  l-chlora-3-isoprapyl- | -methylcyclahexane 


(a) (b) (c) (d) (e) 


OH | | 
| [pos CHyCHCHCH,CH H CHCH; O 
CH;CHCH;CH; кын А. 


CH;CH; an 


кши 3-cthylevclopentancthiol CH4CHCH; H 
| 


2-cyclohexenol 
3-methv1-2-pentanol 
OH 


(:)-6-chloro-4-hepten-2-ol 


(a) 1-butanol 

(b)  3-bromo-l-butanol 

(c) (E)-|-chloro-3-methy]-3-penten-2-al 

(d)  (15,5R)-2-chloro-5-methyl-2-cyclopenten-1 -thiol. The 2-refers to the position of the double bond: the 
position of the —SH group is at the 1-position because it is the principal group. The stereochemical 
configurations (А. 5) come first in the name (See Sec. 6.2, text p. 236). 
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(e) (2R,3R,4R)-3-butyl-5-hexene-2.4-diol (See rules 2a and За on text p. 329.) 
(f) 2.5-cyclohexadienol 

(g) | -mercapto-2-pentanol 

(h) — 2-methyl-2-propanethiol 


(b) (c) 
9 9 
CH3CH;OCH;CH;CH; (СНз) С — 5— CH(CH3); 


ethyl propM ether dicyclohexyl ether tert-butyl isopropyl sulfide 
(d) (e) 
= 
ЊС==СНСН,—0— СН 7 T O— CH=CH, 
ally! benzyl ether phenyl vinyl ether 
(0 (8) 
О 
£x CH;CHCH,CH,CHCH,CH; 
4 \ 9 
HC H CH; SCH,CH; 


QR.3R)-2.3-dimethvloxirane — 5-(ethylthio)-2-methylheptane 


(a)  2-methoxy-2-methylpropzne (commonly called MTBE. for methyl terr-buty! ether) 
(b)  2-ethoxyethanol (or 2-ethoxy-1-ethanol) 

(c) | -(isobutylthio)-2-methylpropane 

(d) — (£)-5-methoxy-3-penten-l-ol 


(a) Тһе structure of the compound and the correct name is as follows. The ring is numbered to give the 


substituent the lower number. 
[ү CH;CH;CH;CH; 
(0) 


“3-butyl-1.4-dioxane™ (incorrect пате) 
2-butyl-1.4-diovane (correct пате) 


(b) Тһе structure of 2-butoxyethanol is HO—CH:;CH;—OCH;CH;CH:CH;. 


in Table 8.1, the bond lengths ina given period are about 0.04 A greater in the column containing oxygen and 
sulfur than in the column containing the halogens. Assuming that this trend holds true for CH4SeH, then the 
predicted carbon-selenium bond length in this compound is about 1.98 A. The prediction for (CH)2Se can be 
refined hy noting in Fig. 8.1. text p. 335. that the carbon-sulfur bond length in dimethyl sulfide is about 0.02 A 
smaller than that in methanethiol. Assuming a similar trend in the corresponding selenium derivatives, the 
predicted bond length for (CH;)2Se is 1.96 A. 


The point of this problem is that morc often than not, molecular properties vary in a regular way 
a> throughout the periodic table. and that reasonably good predictions can be made within one 
group from trends ina nearby group. 


If bonds to an atom involved only its p orbitals, then the bond angle would be 90°. because the inter-orbital 
angle of p orbitals is 90°. It follows, then, that the closer the bond angle is to 90°, the more p character in the 
bond. Figure 8.1 on text p. 335 shows that the C—S—H bond angle is much closer to 90? than is the C—O—H 
bond angle of methanol. Hence. bonds to sulfur (that is, the sulfur orbitals used to make these bonds) have more 
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p character than bonds to oxygen. A corollary is that the unshared pairs on sulfur have more s character than 
those on oxygen. 


8.11 Because of the molecular geometry of trans- 1.2-dichloroethylene. the C—CI bonds are oriented in opposite 
directions, as are the C—H bonds. Consequently. their bond dipoles cancel, and the molecular dipole moment 
of trans-1,2-dichloroethylene is zero. (The cancellation of the C—Cl bond dipoles is shown in the diagram 
below: the much weaker C—H bond dipoles also cancel for the same reason.) The corresponding bond dipoles 
of cis- 1,2-dichloroethylene do not cancel; consequently it has a significant dipole moment. The interaction of 
the molecular dipole moments of cís- 1.2-dichloroethylene molecules provides а cohesive force in the liquid 
state that is not present in the trans stereoisomer. (See text p. 341.) Because such cohesive forces enhance 
boiling point. cís-1,2-dichloroethylene has the higher boiling point of 60.3°. 

Cl H C—CI bond dipole vectors Cl С! / Мыл! vector sum of the wo C—CI 

\ / cancel]; therefore the molecular bond dipoles is not zero. 
C=C X dipole moment is zero. С=С Л 

H Ci X H H —C—Cl bond dipole 

trans-1,2-dichlorocthylene cis-12-dichloructhylene 

8.12 Similar to the relationship between pentane and neopentane. shown on text p. 338. octane and 2.2,3.3- 
tetramethy!butane have the same molecular weights but very different boiling points. Like neopentanc. 2.2.3.3- 
tetramethylbutane is branched, more spherical, and thus has a smaller surface area and less van der Waals 
interactions than octane, which is linear. The energy required to force octane molecules into the gas phase is 
larger. so octane boils al the higher temperature. 126 °С. 

8.13 (a)  Acctaldehyde has a higher boiling point (21 °C) than propene (—47 °C) because there are stronger dipole- 

dipole interactions between acetaldehyde molecules. 

(b)  Thecurve for boiling points of aldehydes should show up somewhere between the curves for 
alkanes/ethers/alkyl chlorides and nitriles on Fig. 8.2b. Aldehydes have dipole moments greater than 
alkanes (and alkenes. which as stated in the problem are about the same as alkanes) so the curve would 
be higher. 

8.14 (a) Recall that a bromine contributes about the same molecular mass (80 units) as a pentyl group (73 units). 
and that alkyl bromides have boiling points /ower than alkanes of about the same molecular mass: then 2- 
bromopropane should have a boiling point that is lower than that of an eight-carbon alkane. Because the 
two alkanes listed have more than eight carbons, their boiling points are correspondingly higher. Because 
the two alkanes have the same type of branching. their boiling points should be in the same order as their 
molecular masses. These considerations suggest that the order of increasing boiling points is 2-bromo- 
propane < 4-cthylheptane < 4-ethyloctane. (The actual boiling points are 59°, 141°, and 168°, 
respectively.) 

(b) A chlorine contributes about the same molecular mass (35 units) as an ethyl group (29 units), and 
chloroalkanes have about the same boiling points as alkanes of the same molecular mass. Hence. 
chloromethane has about the same boiling point as propane, which has a lower boiling point than the 
five-carbon alkene 1-pentene. The alcohol has the highest boiling point because it has about the same 
molecular mass as 1-pentene. but can donate and accept hydrogen bonds. Consequently, it has the 
highest boiling point of all. The order of increasing boiling points is, therefore. chloromethane (-42°) 
< 1-ремепе (30?) < I-butanol (118°). 

8.15 (a) НВг is primarily a hydrogen-bond donor because it is a strong acid; a neutral — Вг is a poor acceptor. 


(b) Тһе hydrogen in hydrogen fluoride is an excellent hydrogen-bond donor. and the fluorine is an excellent 
hydrogen-bond acceptor. 

(c) Acetone is a hydrogen-bond acceptor; the oxygen can accept hydrogen bonds at its unshared electron 
pairs. 
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accepts hydrogen bonds 


О: á 
H3C d Ez CH; 
acetone 
(d) — N-methylacetamide can serve as both a hydrogen-bond donor and a hydrogen-bond acceptor. 


the oxygen can accept 
hydrogen bonds 


^ :0: . 
l 4 „оң; 
HC oS N^ the nitrogen accept 
| a hydrogen bond and 
can donate its hydrogen fo 
a hydrogen bond 
N-methvlacetamide 


(e) Phenol! is both a hydrogen-bond donor and a hydrogen-bond acceptor. The O—H can participate in 
hydrogen-bond donation, and the oxygen can accept hydrogen bonds at its unshared electron pairs. 


the oxygen can accept 
/ hydrogen bonds 


o> И —H —- the oxygen can donate 
< its hydrogen to a 
` hydrogen bond 
phenol 


(f) Тһе ethylammonium ion can donate its N—H hydrogens to hydrogen bonds. but it cannot accept 
hydrogen bonds because и has no unshared electron pairs. 


H 
| the nitrogen c i 
L 1 gen can donate its 
CHCH: — № Н hydrogens to hydrogen bonds 
H 


4 


ethylammonium ion 


8.16 The two carboxylic acids are compounds В and C, and since the problem states that they are solids at room 
temperature. the two highest melting points belong to them. Compound С possesses more symmetry than 
compound В, which allows it to pack the most tightly together in the solid phase and thus possess the highest 
melting point (168 — 172 °C). Compound B's melting point is then 143 — 147 °C. The same analysis can be 
applied to the two alkenes: compound А is more symmetrical so it has the higher melting point of the two 
(774.5 °C): compound D melts a: -175 °С. 


8.17 A similar “sawtooth” pattern should also be expected for the densities of the solid unbranched alkanes, as their 
packing is more efficient with even numbered carbons. More efficient packing results in higher density. 


8.18 (a) Ап outcome where two are heads and two are tails has greater entropy (more possible arrangements) than 
when one is heads and three are tails. There are six ‘two heads two tails’ arrangements: ННТТ. TTHH. 
HTHT. THTH. HTTH. THHT. There are only four ‘one heads three tails’ arrangements: HTTT. THTT. 
TTHT. TTTH. 


(b) Both of these arrangements have the same number of possible outcomes, so they have equal entropy. 
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The structure of propofol is largely hydrocarbon-like, even though it contains a polar OH group. which is why it 
is insoluble in water. However, it is evidently soluble in compounds with a high degree of hydrophobic 
character, like soybean oil and lecithin. The oil and lecithin also have hydrophobic properties, which allow them 
to be soluble in water as well. This example is similar to the way that oils and grease can dissolve in scaps and 
then be washed away in water. 


(a) 


(b) 


(a) 


(b) 


(c) 


(d) 


(e) 


(a) 


(b) 


(a) 


(b) 


(c) 


(a) 


Nop 


Vitamin C and the vitamin Bs shown are likely water soluble due to the large number of hydroxyl groups 
they possess (for hydrogen-bonding with water) and other polar attributes (causing dipoles. again making 
them soluble in water). Vitamin A and D; have much тоге hydrophobic character, making them more 
likely soluble in fat. Even though they each posses one hydroxyl group. the molecules are sufficiently 
large that their properties are dominated more by their hydrocarbon portions. 

Overdosing on a fat-soluble vitamin would bc morc dangerous, becausc it is morc difficult to clear thc 
body of non-water soluble compounds through natural excretion processes. 


By Le Chatelier’s principle. when the concentration of ethanol increases, the concentration of dimer 
increases. 
Use the usual relationship between AG? and К,а: recall that 2.3RT at 298 К is 5.71 kJ mol А, 


AG? = -2.30RT(log Ka) =-5.71 (log 11) = -5.95 kJ mol"! 


Neglect the volume of ethano! and assume that | mole of ethanol is dissolved in 1 L of solution so that 
the initial concentration of ethanol is 1 M. (This introduces an error of only 2%.) Assume that x M of 
ethanol react to form dimer. The concentration of ethanol remaining is then (1.0 — x) M, and the 
concentration of dimer is 4/2 M. (Remember, it takes two ethanol molecules to form one molecule of 
dimer.) The equilibrium-constant expression for dimerization becomes 


[dimer] x/2 
jethanol] (1— xy? 


К -1l 
eq 


From the quadratic formula, x = 0.808 M. Thus. the concentration of dimer 15 x/2 = 0.404 М; that of free 
ethanol is (1 — x) or 0.192 M. Thus, about 80% of the ethanol is dimerized in a | M solution. 

Because dimerization occurs through hydrogen-bond formation. then the greater equilibrium constant for 
dimerization of ethanol shows that ethanol has the stronger hydrogen bond. 

The alcohol CH3SCH;CH:;OH would have the greater solubility, because it can both donate and accept 
hydrogen bonds to water. An —SH group is a much poorer hydrogen bond acceptor and hydrogen bond 
donor than —OH. 


Compound В has the higher melting point, due to its symmetry (see text Sec. 8.5D). [Their boiling points 
are similar because this property is largely determined by molecular weight (sce text Sec. 8.5A).] 
Compound A has the higher melting point, due to its higher degree of symmetry. Draw both compounds 
in their chair forms. While both contain symmetry elements, compound A contains more. 


Even though they have the same molecular weight, 1-butanol has a higher boiling point duc to its larger 
surface area. tert-Butyl alcohol is more spherical and has less van der Waals forces to hold it together 
(see Study Problem 8.4 text p. 346). Additionally, hydrogen bonding is probably more effective in 1- 
butanol due to less steric crowding around the hydroxyl group. 

The entropy of solution would be lower (less favorable) for 1 -butanol. Again, the longer, tube like 
structure of 1-butanol means that it has more surface area per molecule than the more spherical tert- 
butanol. Thus. there would be more low entropy (or more, highly organized) water molecules needed to 
surround 1-butanol. 

Based on the facts that fert-buty! alcohol has a lower boiling point and is more spherically-shaped, and 
thus easier to solvate in water, we expect it to be miscible in water. 


Ethanol and 1-propanol both contain a “hydrophilic end" (the OH group) and a “hydrophobic end" (the 
alkyl chain). The bifunctionality of these compounds allows them to intercalate into cell membranes 
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which are similarly composed of molecules with hydrophilic and hydrophobic ends. However, since the 
alcohols’ alkyl chains are much shorter. they disrupt the packing of the lipids and change the properties 
of the bilayer, leading to disruption. 

(b) Sugars, despite having six carbon atoms, are surrounded by hydrophilic hydroxyl groups. They cannot 
penetrate the highly "greasy" (hydrophobic) inner layer of a lipid bilayer. 

(c) The tetrabutylammonium cation is interesting in that it has a net +1 charge but it is largely composed of 
hydrophobic alkyl chains. In water, solvation of this ion is difficult because of the large cavity that must 
be formed between water molecules, organizing the water around the ion (negative, unfavorable AS) and 
disrupting the hydrogen bonding network. DMSO. on the other hand, is both a non-hydrogen-bonding 
solvent and it has a greater dipole moment (4.0 to 1.9 for water. from Table 8.2). Both of these properties 
make DMSO better suited to stabilize the tetrabutylammonium cation. resulting in a strongly positive, or 
favorable, AS. 

(d) | Apparently. 1-pentanol is sufficiently "alkane-like" that the five-carbon chain makes it less soluble in 
water than diethyl ether. Although 1-pentanol can be both a hydrogen bond donor and acceptor. this 
favorable interaction musi be outweighed by the fact that the molecules are attracted to each other 
through hydrophobic interactions. Thus, diethyl ether. with its hydrogen bond-accepting ability and 
smaller alkyl chains. is more soluble in water. 


As the temperature increases, the TAS mixing term of Eq. 8.9 on text p. 352 becomes more negative. A large 
negative TAS mixing term contributes to a negative AG,. The more negative AG,, the larger the equilibrium 
constant К (Eq. 3.33, text p. 100), and the more favorable the reaction. 


(a) A greater partition coefficient in an octanol/water mixture (P,,) corresponds to more of the drug in the 
octanol phase. Based on our understanding of solubility. the more hydrophobic of the two drugs would 
prefer the octanol phase. We can see that atenolol contains many more polar bonds and hydrogen 
bonding groups. so it would be more soluble in water. Propranolol contains fewer polar bonds and 
hydrogen bonding groups. and contains an additional aromatic (hydrocarbon) ring that atenolol doesn't. 
These features make propranolol more hydrophobic and more soluble in octanol. 

(b)  Iflog Pos = 0.22. then Pos = 1.66. This number is the гапо of drug in octanol to water, or we can say that 
there is a 1.66:1 ratio of the drug in octanol versus in the water. We need the denominator and the 
numerator to add up to 1 g. and so we need to find the factor that we can multiply ratio by. If we set the 
factor {о x/x. we get 1.66x/x. Since 1.66x + x = 1 (numerator + denominator). we can solve for x = 0.375. 
This is the factor that we can use to salve for the (wo concentrations: 

Pow = 1.66 = 1.66x/x = 0.624 g/0.375 g 
So. there is 0.624 g of the drug in the octanol phase and 0.375 g in the water phase. 

(c) We may conclude on the basis of "like dissolves like" that atenolol is more soluble in water due to it 
being more polar that propranolol. However, atenolol’s melting point is very high relative to propranolol. 
According to Eq. 8.14. the solubility of a solid is equal to the solubility of the liquid plus the free energy 
of fusion which is proportional to the melting point. So. it would not be surprising if the solubilities are 
close. or if atenolol is even slightly less soluble. (The discussion of the solubilities of nifedipine and 
9.10-dihydroanthracene on text p. 362 illustrates a similar situation.) 


(d) 


amide nitrogen, much less 
basic than amine nitrogen 


(c) Ata pH of 7.4. an acid with a pK, of 9.5 is more than 99% protonated (Eq. 3.31b. text p. 107). The 
protonated forms are ionic, less soluble in octanol, and more soluble in water. Therefore. the partition 
coefficient would decrease, as the denominator increases relative to the numerator. 
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(f) Physiological pH is close to 7.4. so administering the drugs in the protonated form [see part (e)] 
increased their water solubility. 


8.55 (а) In compound A, the equatorial position of the —OH group is preferred for the usual reason: it avoids 1,3- 
diaxial interactions with hydrogens on the ring. However. compound B prefers to have an axial —OH 
group because it affords the opportunity for intramolecular hydrogen bonding; this additional bonding is 
a stabilizing effect, and lowers the energy of the axial conformation below that of the equatorial 
conformation. 


---- Н 


Qe E 
E^ al Sy 


hydrogen bonding stabilizes 
the axial confomation intramolecular hydrogen bonding 
is not possible in the 
equatorial conformation 


(b) The solution to part (a) shows that intramolecular hydrogen bonding can stabilize conformations that 
otherwise might be less stable. In this case, intramolecular hydrogen bonding can stabilize the gauche 
conformations of both stereoisomers. Indeed. in either enantiomer of the racemate, such hydrogen 
bonding can occur in one conformation in which the large tert-butyl groups are anti to each other. 
However, in the meso stereoisomer. the necessity that the hydroxy groups be gauche in order for 
hydrogen bonding to occur also means that the large tert-butyl groups must also һе gauche. The 
stabilizing effect of intramolecular hydrogen bonding cannot compensate for the magnitude of the 
resulting van der Waals repulsions between the tert-butyl groups. 


gs o^ 
(CHs)3C ӧн H ÖH 
H C(CH3)s H C(CH;); 
H C(CHs)3 


severe van der 


one of the conformations of Waals repulsions 


(3R,4R)}-2,2,5,5-tetramethyl-3,4-hexanedial 
is stabilized by internal hydrogen bonding. and any conformation of 
the tert-butyl groups are anti meso-2,2,5,5-tetramethy 1-3,4-hexanediol 
in which internal hydrogen bonding is possible 
is destahilized by van der Waals repulsions between 
the tert-butyl groups 


Convert the Newman projection of the meso stereoisomer to an eclipsed conformation if the meso 
stercochemistry is not clear. 


8.56 (a)  Inthe chair conformation, for every C—O bond dipole in a given direction, there is another C—O bond 
dipole of the same magnitude pointing in the opposite direction. Thus. in the following diagram. the gray 
dipoles cancel each other, and the black dipoles cancel each other. 


chair conformation of 1.4-діохапе 
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Because pairs of dipoles cancel, the overall dipole moment is zero. 


(b) To the extent that the twist-boat conformation is present. it will contribute а nonzero dipole moment, 
because the C—O bond dipoles do not cancel in this conformation. (We use the simpler boat 
conformation to illustrate this idea.) 


each dipole is the 
resultant of two 


5 C—O bond dipoles A 


АСУ 


boat conformation of 1.4-діохапе 


resultant dipole vector 
for the molecule 


The dipole moment of the twist-boat conformation is actually rather large, but it is present in very small 
concentration. The dipole moment of any molecule is the weighted average of the dipole moments of 
individual conformations. In other words, the nonzero dipole moment of 1,4-dioxane results from the 
presence of a very small amount of a conformation that has a large dipole moment. 


8.57 (a) Equilibrium (2) contains more of the conformation with the methyl group in an axial position than 
equilibrium (1) does: that is, equilibrium (2) lies farther to the right. The reason is that, because C—O 
bonds are shorter than C—C bonds, the axial methyl group in equilibrium (1) is closer to the axial 
hydrogens than the axial methyl group in equilibrium (2). Therefore, the 1,3-diaxial interactions in the 
axial-methyl conformation of equilibrium (1) are somewhat more severe than those in the axial-methy! 
conformation of equilibrium (2). 


smaller distance: larger distance: 
greater van der Waals repulsions smaller van der Waals repulsions 
Ch zr H сн 
TA SH 
О 
axial conformation in equilibrium (1) axial conformation in equilibrium (2) 


(b) Тһе reasoning is much the same as that in part (a). Because the C—O bonds are shorter in the ether А 
than the corresponding C—C bonds in butane B, the methyl groups are brought closer together in the 
gauche conformation of the ether than they are in the gauche conformation of butane. Consequently, van 
der Waals repulsions in the gauche conformation of the ether are somewhat greater than they are in the 
gauche conformation of butane. In contrast. the shorter bonds of the ether should have little effect on the 
energy of the anti conformation, in which the methyl groups are far apart. Hence, the greater energy of 
the gauche conformation of the ether (relative to the anti conformation) causes less of the gauche 
conformation to be present at equilibrium. Thus. butane contains more gauche conformation а! 
equilibrium. 
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LoT 9.1  Deducing Mechanisms from Rate Laws 


Suppose you are an expert in traffic safety. and you are asked to determine as much as you can 
about traffic accidents on a bridge. In fact, your job is to come up with a description for a “typical” 
accident and formulate a strategy to eliminate the accidents. Of course. you would interview 
eyewitnesses and read police reports to gather your data. But suppose eyewitness accounts are not 
available to you for some reason. This is the situation in deducing reaction mechanisms. We 
cannot directly observe transition states (that is, molecular collisions). 

Imagine that the traffic data you have available are the number of accidents as a function of 
the traffic density on the bridge in the two directions. Suppose you find that the number of 
accidents is proportional to the number of cars traveling east “mes the number of cars traveling 
west. From this information you can construct à mental picture—a mechanism—for a typical 
collision. Because the number of accidents in a given time is proportional to the traffic flow in 
both directions. you could reasonably conclude that a typical accident is a head-on collision 
between а car in one lane and a car in the other. An unreasonable picture would be two cars in the 
same lane having a rear-end collision. because, in this case. the number of accidents in a given 
time would be proportional to some function of the traffic density in only that lane. The head-on 
collision is as good a picture of an accident as any other until other data force you to refine it. In 
fact, it suggests an experiment for reducing the number of accidents: build a wall between the two 
lanes of traffic. If this "experiment" reduces the number of accidents. it would support your 
picture of a typical accident. Notice that it would not prove your picture to be correct; it would 
only show that your picture is not incorrect. Nothing short of eyewitnesses can prove you correct. 

Similarly, a starting point for deducing a chemical mechanism is the rate law. The rate law 
tells us about "molecular collisions" that lead to a reaction, but does not tell us whether these 
collisions occur by a head-on mechanism. a rear-end mechanism, or some less direct pathway. The 
simplest mechanism possible is adopted, and a modification is considered only when required by 
new data. 
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LT 9.2 Ring Carbons as Alkyl Substituents 


Study Problem 9.2 on text p. 417 refers to alkyl substituents in alkene C. Some students have 
difficulty in seeing ring carbons as "substituents," even though they have no problem with the idea 
of substituents in acyclic compounds. The reason for this difficulty is that the "substituents" in a 
cyclic compound are "tied together" into a ring. For example. "the substituents at the double 
bond" in compound C should be viewed as follows: 


H H 
"d 


N 
Fa Oh Ce „0% 
two carbon (СН) substituents 
ticd back into a ring OY = 3 d | 
b >c 
u^ 


v 
H 


с 


(The methyl group is a third substituent on the double bond that is not tied back.) 
A similar approach is taken to the analysis of В substituents in alkyl halide B: 


H 
в ,CH;Br М» CH;Br 
two carbon (CH) 8 substituents > Y 
ticd hack into a ring 
В cH 
y^ 
H ^ H 


The fact that the substituent carbons are linked in a ring doesn't change the fact tha: they are 
substituents, just as tying your hands together wouldn't change the fact that you still have two 
hands. 


LT 9.3 Diagnosing Reactivity Patterns in Substitution and Elimination 


Reactions 


The last case study in Study Problem 9.3 (text p. 428) points out a danger in using a guide such as 
Table 9.7 on text p. 427: vou can sometimes expect special cases that are not covered by the table 
or borderline cases that are hard to predict. You can't diagnose every possible reaction with a 
summary table any more than a physician can diagnose a patient with a table of symptoms and 
diseases! When you encounter borderline cases that are difficult to predict, you should be able to 
narrow the possibilities of what can happen. The important thing is for you to be able to predict 
trends and to understand the reasoning behind them. Table 9.7 will prove most useful if you make 
the effort t0 understand each entry in terms of the principles that underlie it, and then think about 
each problem you are asked to solve in terms of these principles rather than attack it by rote. 

A number of professors of organic chemistry, the author included. find that the section of our 
organic chemistry courses that deals with substitution and elimination reactions—the section 
covered by this chapter—is a point at which a number of students have particular difficulty. We 
have discerned at least two reasons for this problem. First, this is a point at which the number of 
reactions and ideas have accumulated to the stage that the student who is not carefully organized is 
overwhelmed. If vou are in this situation. you should read (or re-read) Study Guide Link 5.2, 
"How to Study Organic Reactions," on p. 108 of this manual. and follow the suggestions there. 
The second reason for difficulty is the fact that all four mechanisms of substitution and elimina- 
tion—Sy1, S42, El, and E2—can potentially happen simultaneously, and it can be difficult to 
keep straight exactly when each process can take place. Again, to use an analogy from the medical 
world. when a physician diagnoses a problem with a patient, he/she can't focus simply on one 
system, such as the heart; the physician must understand that the many systems in the body 
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interact, and that there can be many root causes contributing to a given symptom. In same cases, 
the problems are so complex that they can't be readily solved! Table 9.7 is designed to help you 
keep all the possibilities in substitution and elimination reactions organized. 

A broader philosophical issue is relevant to this discussion. The temptation is for students to 
believe that there are "recipes" or set formulas for solving every problem. This section on substi- 
tutions and eliminations shows that there are principles that can guide you into the right 
“ballpark,” but inevitably, uncertainties will arise in some situations. Again: Your goal should be 
not to memorize every conceivable case, but rather to bring to bear your knowledge of the 
principles so as to narrow the possibilities. 

If you were a laboratory scientist trying to predict the outcome of a reaction, you would make 
your best prediction using the principles that you know, and then you would go into the laboratory 
and run an experiment to see whether you are correct. A physician facing such uncertainty runs 
tests (o gather as many facts as possible, adopts a hypothesis, and checks it by administering 
appropriate medication or carrying out other tests. Two people with difficulties in a relationship 
adopt a hypothesis as to the nature of the problem and, if they are behaving rationally, change their 
behavior and see whether the problem is solved. For most problems there aren't magic recipes and 
tables that allow us to solve problems by rote. nor are there simple formulas into which we "plug" 
data for an answer Uncertainty is in the very nature of science, and indeed. of life itself. If you 
think about it, life would be awfully dull without the challenge of such uncertainty. Оле reason 
that organic chemistry is valued as a prerequisite course of study by various disciplines is that a 
student must, in order to succeed, develop a body of principles that can be applied to situations in 
which there is inherent uncertainty. The good news is that if you master this skill in organic 
chemistry, you'll find it easier to do so in your other endeavors as well. 
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FURTHER EXPLORATIONS 


9.1 Reaction Rates 


Because rates are usually functions of concentration, and because concentrations change as a 
reaction proceeds, you can perhaps appreciate that the rate of a reaction changes over its course. If 
the rate of a reaction is proportional to the concentrations of one or more reactants, the rate 
diminishes during a reaction because the concentration of reactants diminishes. (See Problem 9.8 
on p. 391 of the text and its solution.) 

Reaction rates. like other rates of change, аге more precisely expressed in the language of 
calculus. Suppose, for example, we have a reaction S — P that follows a rate law that is first order 
in S. Then the rate can be written 


-API 451. psy 
di dt (FE9.1) 


rate 


This is a first-order differential equation that can be solved for |S] as a function of time. If S; is the 
concentration of 5 at the start of the reaction (1 = 0), then the solution to this equation is 


1S] = Soe (FE9.2) 
The concentration of product as a function of time is 
[Р] = S17 e) (FE9.3) 


(If. you are familiar with differential equations, you can easily verify this solution by 
differentiating Eq. FE9.2, as follows. 


d|Sy/dt = -kSoe ™ (FE9.4) 


Substituting Eq. FE9.2 into Eq. FE9.1 yields Eq. FE9.4 and thus verifies the solution. You сап, in 
a similar manner, verify by differentiating Eq. FE9.3 that d[P]/d! = – d[S]/dt.) 

Equation FE9.2 gives the expression for the actual concentration of [5] as a function of time, 
and shows that it is a decaying exponential. Each rate law has its own characteristic solution for 
the dependence of concentration on time. Computer-fitting actual concentration versus time data 
for a reaction of known kinetic order to the appropriate rate law allows the experimentalist to 
determine the value of the rate constant K. This is how rate constants are usually derived in 
practice. 


9.2 Absolute Rate Theory 


The dependence of the first-order rate constant & on the standard free energy of activation can be 
calculated from Eyring theory, or absolute rate theory. (Henry Eyring [1901-1981] was for many 
years a professor at the University of Utah, and he also served as President of the American 
Chemical Society in 1963. Eyring developed absolute rate theory. also called "transition-state 
theory.") A result of absolute rate theory is that a first-order rate constant is given by 


Tà – zr 
k= ah Ж AG? IRT = (621x10"? sec! e кту 

h (FE9.5) 
where к = the Boltzmann constant (1.381 x 1077 J K^'), А = the Planck constant (6.626 x 1077 J 
571), and T is the absolute temperature in kelvins. The evaluation of the «7/h pre-exponential 
factor in Eq. FE9.5 is at T = 298 К, or approximately room temperature. This is the equation used 
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to give the relationship between the standard free energy of activation and rate constant in Table 
9.2 on text p. 390. 

The time required to complete a reaction is related to its half-life—the time required for 50% 
completion. The half-life of a reaction, гу, can be calculated by setting [S] = 5/2 in Eq. FE9.2 
and calculating t. When we make this calculation, we find 


tın = In 2/k = 0.693/k (FE9.6) 


In each successive half-life of à reaction, the percent completion of a reaction decreases by half. 
Thus, a reaction is 50% complete after one half-life: 75% complete after two half-lives: and 100 x 
(1.00 — 0.5")% complete after n half-lives. Because the concentration of products is a decaying 
exponential, a reaction is technically never fully completed; but it is generally accepted that a 
reaction is considered practically complete after 10 half-lives, after which a reaction is about 99% 
complete. From Eq. FE9.6, ten half lives = (10)(0.693)/k, or about 7/k. This is the source of the 
"time to completion" numbers in Table 9.2. 


9.3 Mechanism of Formation of Grignard Reagents 


Despite being discovered over 100 years ago and studied extensively ever since, the details of the 
formation of organomagnesium compounds (Grignard reagents) are still debated. It is largely 
agreed that an alkyl radical is formed on the surface of the metal but it is unclear how "frec" this 
radical is: does it stay adsorbed to the magnesium surface, or diffuse away before it combines with 
magnesium ions and the halide? A detailed investigation of these theories is beyond the scope of 
our consideration here. In either scenario, the mechanism of formation of Grignard reagents can be 
summarized as follows. First, an electron is transferred from the magnesium to the alkyl halide 
(X = I. Br, or Cl). The alkyl halide fragments into the alkyl radical and a halide anion. Finally, the 
radical combines with the magnesium ion and halide, which then bonds with the halide. to form 
the Grignard reagent. 


R—X + Mg —*- R—X + Mg 
radical anion 
ey: —— Re HK 
WY + * 
R: + -Mg — R—Mg 
R—Mg +X — R—Mg—X 
Grignard reagent 


As noted in the text, these reagents are likely part of a complex with solvent molecules (Sec. 
9.8B). typically diethyl ether, which can stabilize the electron-deficient magnesium. 
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i TII REACTION REVIEW 


1. REACTIONS OF ALKYL HALIDES 
A. NUCLEOPHILIC SUBSTITUTION REACTICNS 
1. A nucleophilic substitution reaction, or nucleophilic displacement reaction, is a very general type of 
reaction: 
a. Mis a substitution because one group is substituted for (or displaces) another group. which departs. 
i. The group that is displaced in a nuclcophilic substitution reaction is called the leaving group. 
ii. The leaving group in a nucleophilic displacement reaction is the nucleophile in the reverse reaction, 
and vice-versa. 
iii. The best leaving groups give the weakest bases as products. 
b. [tis a nucleophilic substitution because the substituting group acts as a nucleophile. or Lewis base. 
i. Many nucleophiles are anions and others are uncharged. 


ii. The roles of the nucleophile and the leaving group are reversed if the reaction can be run in the 
reverse direction. 


c. Nucleophilic substitution reactions occur by two common mechanisms: 
i. The 542 mechanism occurs in a single step with inversion of stereochemical configuration; it is 
characterized by a second-order rate law. 


/ 


\ 
Nie e Jo —> Nuc—C E + de rate = Å| Мис: 


\ 
_с—х 
/ 


(а) An S42 reaction is an electron-pair displacement reaction that is conceptually similar to a 
Brensted acid-base reaction: the nucleophile is analogous to the Broensted base and the 
electrophile is something other than a proton. The leaving group is displaced from the 
electrophile in an Sx2 reaction, just as a leaving group is displaced from a proton in a Bronsted 
acid-base reaction. 


\ / Р 
мес 2% ——- Nee + X an S,2 reaction 


Base: —/ "H-LX ——» Base—H + X^ a Brensted 
acid-base reaction 


(b) 542 reactions are typically carried out in polar protic solvents, polar aprotic solvents, or 
mixtures of these. Polar aprotic salvents in many cases accelerate S42 reactions because they do 
not form hydrogen bonds to the nucleophile. 

ii. The S41 mechanism is characterized by a first-order rate law that contains only a term in alkyl halide 
concentration. The Syl reaction can involve significant loss of stereochemical configuratior. 


| NE. / > dis | | 
— n Arate-limiting) —Cr + X: EMEN e — C — Nuc rate = Å C—x 
| \ ү | | 
fast) 


2. The reaction of an alkyl halide with a protic solvent in which no base or nucleophile has been added is 


called a solvolysis. 
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a. The solvolysis reactions of tertiary alkyl halides are fastest in polar, protic donor solvents. 
Tertiary and secondary alkyl halides undergo solvolysis reactions by the Syl and El mechanisms: 
tertiary alkyl halides are much more reactive. 

c. Rearrangements are observed in Sy1 solvolysis reactions that involve rearrangement-prone carbocations 
as intermediates. 

Substitution reactions can be intramolecular—1ihat is. the nucleophile. the electrophile. and the leaving 

group аге part of the same molecule. 

4. Nucleophilic substitution reactions can he used to transform alkyl halides into a wide variety of other 
functional groups. (See Table 9.1 on text p. 385.) 


im 


B. ELIMINATION REACTIONS 
1. An elimination reaction is a reaction in which two or more groups are lost from within the same molecule. 
a. ln an alkyl halide. the carbon bearing the halogen is often referred to as the a-carbon, and the adjacent 
carbons are referred to as the B-carbons. 


B-hydrogen——— }——a-hydrogen 


B-carbon a-carbon 


b. An elimination that involves loss of two groups from adjacent carbons is called a B-elimination. 
c. A f-elimination reaction is conceptually the reverse of an addition to an alkene. 

2. An a-elimination, as in the formation of dichloromcthylene from chloroform, is an elimination of two 
groups (in this case the elements of НСІ) from the same atom. 


i с 
Base + neag > С: + Base—H + QE 
Cl Cl 
chloroform dichloromethylene 


3. B-Elimination reactions occur by two mechanisms: 
а. The E? mechanism. which competes with the Sy2 mechanism. has a second-order rate law and typically 
occurs with anti stereochemistry. 


H 
ul Е I. е 
Ваѕе: „0-0 —- e + X: + Base—H rate = k| Base: || —C—C— 
m 
anti-elimination 


b. The El mechanism is an alternative product-determining step of the Syl mechanism in which a 
carbocation intermediate loses a B-hydrogen to form an alkene. 


H H 


m ыйа: / Mm 57 Ni 
-c-l aant ma + Xo — ps + HX rate = A! б-б 


4. Base-promoted felimination reactions in many cases occur by E2 mechanisms; they typically follow а rate 
law that is second order overall and first order in each reactant. 
a. A Brgnsted base reacts at a -hydrogen of the alkyl halide, not at a carbon atom as in a nucleophilic 
substitution reaction. 
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b. If the reacting alkyl halide has more than one type of B-hydrogen atom. then more than one f- 
elimination reaction is possible. 

с. Strong bases. such as sodium ethoxide [Na+ “OCH;CH,| and potassium fe??-butoxide 
[K* OC(CH)]. promote the B-elimination reactions of alkyl halides. 

d. Often. the conjugate-acid alcohols of these bases are used as solvents, for example. sodium ethoxide in 
cthanol or potassium fert-hutoxide in tert-butyl alcohol. 


C. FORMATION OF GRIGNARD AND ORGANOLITHIUM REAGENTS 
1. Compounds that contain carbon-metal bonds are called organometallic compounds. 
а. A Grignard reagent is an organometallic compound of the form R—MgX. where X = Br, Cl. or І. 
b. Organolithium reagents are organometallic compounds of the form R Lii. 


кә 


Both Grignard and organolithium reagents are formed by adding the corresponding alkyl or aryl halides to 
rapidly stirred suspensions of the appropriate metal. 


R—X * Mg лыр” К – Mg—X (Х = CI, Вг, ог!) 
г 
Grignard 
reagent 


К-х + 20 —————» R-UL + LX (X = CI, Br, or i) 
hydrocarbon 


organolithium 
reagent 


a. Reaction of alkyl halides with magnesium metal yields Grignard reagents. 
1. Ether solvents must be used for the formation of Grignard reagents; the ether solvent plays a crucial 
role in their formation because the ether associates with the metal in a Lewis acid—base interaction. 


B 
Сн, | Hs 
:0:—> Mg +70: 
Сн, i С.н; 


ii. Grignard reagents аге formed on the surface of the magnesium metal. 
b. Reaction of alkyl halides with lithium in hydrocarbon solvents yields organolithium reagents. 
c. Because they react vigorously with water and oxygen, Grignard and organolithium reagents must be 
prepared under rigorously moisture-free and oxygen-free conditions. 
3. Grignard and organolithium reagents behave as strong Brgnsted bases and react violently with acids, 
including water and alcohols, to give alkanes. (See Рап Ш.А of this section.) 
4. All reactions of Grignard and organolithium reagents can be understood in terms of thc polarity of the 
carbon-metal bond. 
a. Because carbon is more electronegative than either magnesium or lithium, the negative end of the 
carbon-metal bond is the carbon atom. 
1. А carbon bearing three bonds. an unshared electron pair, and a negative formal charge is termed a 
carbon anion, or carbanion. 
ii Carbanions are powerful Brensted bases because their conjugate acids, the corresponding alkanes, 
are extremely weak acids. 
b. Grignard and organolithium reagents react as if they were carbanions; however, they are not true 
carbanions because they have covalent carbon-metal bonds. 
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м. b 


AC x reacts as if it were aK + MgBr 
| \ f \ 
polarized bond mM ЯА 


11. REACTION OF ALKANES 


A. FREE-RADICAL HALOGENATION ОҒ ALKANES 


1. Alkanes react with bromine and chlorine in the presence of heat or light in free-radical substitution 

reactions to give alkyl halides. 

The mechanism of this reaction in fact follows the typical pattern of other free-radical chain reactions; it 

has initiation. propagation. and termination steps. 

a. The reaction is initiated when a halogen molecule absorbs energy from heat or light and dissociates 
homolytically into halogen atoms. 


ә 


f^ n light 
хіх ——- X- + -X 
or heat 


b. The ensuing chain reaction has the following propagation steps. 


eye 
pu d Ss R 


: ~ A propagation steps 
g^ ^ / 
MOM xd L.- px x 


c. Termination steps result from the recombination of radical species. 


x. d ——- X—x one of several possible 
termination steps 


3. Free-radical halogenations with chlorine and bromine proceed smoothly, halogenation with fluorine is 
violent, and halogenation with iodine does not occur. 


IIl. ACID-BASE REACTIONS OF GRIGNARD REAGENTS AND ORGANOLITHIUM REAGENTS 


А. PROTONO! YSIS OF ORGANOMETALLIC REAGENTS 
1. All Grignard or organolithium reagents react vigorously with even relatively weak acids. such as water and 
alcohols, to give the conjugate-base hydroxide or alkoxides and the conjugate-acid hydrocarbon of the 
carbanion: this reaction is an example of protonolysis. 


R—MgX + R—0H —» R—H + Mg" + X + RO 


2. A protonolysis is а reaction with the proton of an acid that breaks chemical bonds. 
a. Protonolysis of Grignard reagents is also useful, because it provides a method for the preparation of 
hydrocarbons from alkyl halides. 
b. A particularly useful variation of this reaction is the preparation of hydrocarbons labeled with the 
hydrogen isotopes deuterium (D, or °H) or tritium (T. or 'H) by reaction of a Grignard reagent with the 
corresponding isotopically labeled water. 


Br Mg MgBr 0,0 D , 
—»- ——- + M” + Br + 007 
CH, ether CH; CH; 
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IV. FORMATION OF CYCLOPROPANES 


А. DIHALOCARBENES 


1. Reaction of a haloform with base in the presence of an alkene yields a 1,1-dihalocyclopropane. 
2. Dihalomethylene is a reactive intermediate in this reaction. The addition of a dihalomethylene to an alkene 
is a concerted syn-addition reaction. 


H 
H CH 
^€^ ^ (ww CI 29% 
CHCI; * Il —— 
"x (HCM — Q К 
H CH; CH, 


B. CARBENOIDS: THE SIMMONS- SMITH REACTION 
1. Cyclopropane without halogen atoms can be prepared by allowing alkenes to react with methylene iodide 
(CH;L;) in the presence of a zinc-copper couple (a copper-activated zinc preparation) in a reaction called 
the Simmons-Smith reaction. 


Zn-Cu couple H 'H 


- H 
P с CH; 
СНЫ, ———————- | — CH; — 2л! = 


CH; 


a. The active reagent in the Simmons-Smith reaction is believed to be an a-halo organometallic 
compound. а compound with halogen and a metal on the same carbon. 

b. The formation of this species is analogous to formation of a Grignard reagent. 

с. The Simmons-Smith reagent can be conceptualized as methylene (:CH;. the simplest carbene) 
coordinated to the zinc atom. 

d. Because they show carbenelike reactivity. a-halo organometallic compounds are sometimes called 
carbenoids. А carbenoid is a reagent that is not a free carbene but has carbenelike reactivity. 

2. Addition reactions of methylene from the Simmons-Smith reagent to alkenes, like the reactions of 
dichloromethylene. are syn-additions. (See the example under IV.B.1.) 
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К SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


(а) 
(b) 


(a) 


(b) 


(a) 


(b) 


The expected nucleophilic substitution product is butyl methyl sulfide, CH ,;CH,CH,CH.—S—CH,. 
The product is ethylammenium iodide. 


CHCHNH, 17 


ethylammonium iodide 


Na* SCH;CH;CH;CH, + I—CH,; ——» CH;SCH,CH,CH,CH, + Na* Г 


Two elimination products are expected because there are two types of f3-hydrogens in the starting alkyl 
halide. 


u) 


Ch, CH; сњ H,C f^ 
CHC E CHCH; B-climination H,C=C lar CH(CH;); + E =Ç 
(3) 
d 2.3-dimethyl-1-butene НС CH; 
(from elimination of . 
2-bromo-2,3-dimcthylbutane ahydrogenoftype |) -24 dimethyka-butene 


(from climination of 
the hydrogen of type 2) 


As in part (а), because there are two types of # hydrogens, two alkenes can be formed: 


(l) (1) 


H Hoho 
CH; CH; 
СІ B-climination А 
Hi < 
Ht» 
1-methylcyclohexene methytenecyclohevane 
I -chloro-1-methylcyclohcxanc (from elimination of a (from elimination of a 
hydrogen of type !) hydrogen of type 2) 


The substitution product can in principle be obtained as two stereoisomers. (Sec. 9.4C of the text shows 
which of these is formed and why.) 


CH; CH; CH; CH; 
on Na* Cc о ж ox CY 


OCH; elimination products 
substitution products 


Methyl iodide, H4C—1. can form only a substitution product, dimethyl ether. H1C—O—CH;. There can 
be no elimination products because there are no f2-protons. 
(Bromomethyl)cyclopentane can form one substitution product and one elimination product. 
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C) ore с С нось, + С у-н 


(bromomethyl)cyclopentanc 


9.5 (a) Because fluoride ion is a stronger base than chloride ion. the equilibrium lies to the right. 
(b) — Because azide ion is a stronger base than chloride ion, the equilibrium lies to the right. 
(c) Because methoxide ion is a much stronger base than chloride ion. the equilibrium lies to the right. 


9.6 (a) The reaction is third order overall: the reaction is first order in alkene and second order in Br;. The 
dimensions of the rate constant are such that the overall rate has the dimensions mol L~! sec ^!: thus, the 
rate constant has the dimensions L? mol ? sec !, or M ? sec!. 

(b) The reaction is first order overall. and first order in alkyl halide. The rate constant has the dimensions of 
sec". 


9.7 (а) Apply Ед. 9.206: 


k rot _acsot уут 
e ЧЩ 10/46 4G", y 2.30N8T 24 10:45 11 л 102“ 2 283 


(b) We transform Eq. 9.20c to get the difference between the standard free energies of activation. 
"x 
AG", — АС = 2.30RT log ta = (5.71) log(450) = 15.2 kJ mol ' 
A 


Therefore, reaction A has the higher AG” by 15.2 kJ mol". 


9.8 Because D and E are converted into F, their concentrations decrease with time: hence, the rate also decreases 
with time. Since the rate is the slape of the curves of [reactants] or [products] with time, then the slopes of these 
curves continually decrease with time. and approach zero at long times. A plot of these concentrations with time 
is shown in Fig. 569.1. 


slope = —rate = A(concentration)/At 
1 has greater magnitude at short times 


slope = -rate = A(concentration)/At | 
has greater magnitude at short times | 


concentrations 


time 


Figure SG9.1. A diagram for the change of concentration with time in a first-order reaction. The rate Is the 
Instantaneous slope of the concentration versus time curve. The magnitude of the slope decreases with time 
because the concentration decreases. 
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A mechanism consistent with the rate law is a bimolecular process in which ammonia displaces acetate ion from 
the proton: 


е) О о 
Д am | ¢ " M 2 
CH,C—O—H — :NH, CH;C —G -—- H-—— :NH; CH,C—O: NH, 

acetic acid acetate ion 


Because the S42 mechanism involves a molecule of alkyl halide and a molecule of nucleophile in a bimolecular 
reaction. the expected rate law is second order, first order in alkyl halide and first order in cyanide: 


rate = &[C-H,Br|[ СМ] 


Sodium ethoxide reacts orders of magnitude тоге rapidly with the Bronsted acid than with the alkyl halide. 
Because this reaction consumes all of the ethoxide. only the HI reacts. The products are ethanol, CH4CH;OH. 
and sodium iodide. Na* 17. The methyl iodide is unchanged. 


There is more than enough sodium cyanide to react with both the acid HBr and the alkyl halide. Therefore. the 
products are hydrogen cyanide (HCN, 0.1 М), “ethyl cyanide“ (propionitrile, CH ;CH;CN. 0.1 M), sodium 
bromide (NaBr. 0.2 M, half from the reaction with HBr and half from the reaction with ethyl bromide). and 
unreacted sodium cyanide (0.8 M). However, the HCN and 0.1 M NaBr is formed instantaneously. The rest of 
the NaBr, as well as the nitrile, are formed much more slowly, because Bransted bases react much more rapidly 
with Bronsted acids than with alkyl halides. In other words, Brønsted acid-base reactions are much faster than 
Sn2 reactions. 


The reaction is an $ 42 reaction with inversion of configuration. Because the relative priorities of the groups 
attached to the asymmetric carbon are not changed. the product has the 5 configuration. 


D D 
| | 
н f—a + Kr — i^n + KP CY 
CH,CH,CH, CH,CH,CH, 
(R)-chlorobutane-1-d (S}-iodobutane-1-d 


In an $42 reaction, the stronger base is the better nucleophile when the same attacking atom is involved. 
Because ethoxide is a much stronger base than ethanol. it is the better nucleophile. 


(a) The products of the 5 42 reaction between potassium acetate and ethyl iodide: 


| 
CH;C—O—CH,CH, + к*г 
ethyl acetate potassium iodide 


(b) Potassium acetate is a better nucleophile in acetone because ethanol is a protic solvent and reduces the 
nucleophilicity of potassium acetate by hydrogen-bond donation. Consequently. potassium acetate in 
acetone reacts more rapidly with ethyl iodide than a solution of the same nucleophile in ethanol. 


The discussion of this section shows that elements in higher periods (lower on the periodic table) within a group 
are better nucleophiles in protic solvents than elements in lower periods of the same group. Thus, 
triethylphosphine, :P(C;H«)4. is a better nucleophile than triethylamine, :N(C;H«)s. The products are as follows: 


Hé-1 XH —3À НС (ОНА Г. or С-Н 
X m P X = N 
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HO: 


9.19 


9.20 


9.21 


The formation of the carbon-anion (carbanion) intermediate, its resonance structure. and the mechanism of its 
breakdown to product. and are as follows: 


н. :О: Qt. :б: 
12 l " 2 xl | 
HO—CH,—CH—C—CH;, ~—= | HO—CH,—CH—C—CH, <-> HO—CH,—CH=C—CH, 


resonance structures of the anion 


л n ri o: 
HO — CH; —CH—C —CH; ==» сн CHA оњ F HO: 


elimination reaction of the mion 


The carbanion is more stable than a typical carbanion because it is stabilized by the polar effect of the nearby 
oxygen. and because it is resonance-stabilized. This stabilization lowers the pK, for its formation. 


lonization of the O—H group also occurs, but this does not lead to product. 


(a) The stepwise process involves formation of a methyl cation, which is very unstable. The instability of 
this cation. by Hammond's postulate. raises the energy of the transition state and retards the reaction. The 
concerted mechanism avoids formation of this high-energy intermediate. 

(b)  Atertiary alkyl halide such as tert-butyl bromide. (CH ,),C—Br. can undergo the stepwise mechanism. 
because ionization gives a relatively stable tertiary carbocation—in this case, (CH,);C*. This lowers the 
energy of the transition state (by Hammond's postulate). Section 9.6 describes this mechanism. 


(a) A primary deuterium isotope effect retards the reaction of В relative to C; and the better leaving group 
accelerates the reaction of A relative to B and C. The reactivity order is therefore B < C <А. 
(b) Compound В has a better leaving group. The rates are in the order А < B. 


(a) The hydration of styrene should be (and is) slower іп D,O, because the transferred proton is a deuterium, 
and a rate-retarding primary deuterium isotope effect operates when the proton transferred in the rate- 
limiting step is isotopically substituted. Be sure to write this mechanism (see Sec. 4.9B. text p. 172). 

The products differ by isotopic substitution. In H»O/H3O*, the hydration product is compound А 
below: in D;O/D4O*, the hydration product is compound B. 


OH OD 
PhCHCH, PhCHCH;D 
А В 


(b) Тһе hydration rate of the deuterium-substituted styrene should differ very little, if at all. from that of 
styrene itself. because the deuteriums are not transferred in the ratc-limiting step. 


A small effect of isotopic substitution occurs in this case because of the differential effect of 

=» deuterium and hydrogen on the rehybridization of carbon in the transition state. (The carbon 
bearing the deuteriums rehybridizes from sp? to sp? in the rate-limiting step.) However, this 
effect on rate amounts to only a few percent. Effects of this sort are called secondary deuterium 
isotope effects. 


(a) Analyze one enantiomer of (+)-stilbene dibromide: the result is the same for the other. First. draw an 
eclipsed conformational projection. How do we know that it is one of the enantiomers? The two 
asymmetric carbons have the same configuration—in this case, R. Also. in the eclipsed conformation 
shown. with the two hydrogens in identical positions, there is no internal mirror planc. (The meso 
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diastereomer would have an internal mirror plane.) Next. internally rotate about the central carbon- 
carbon bond until the H and Br that are eliminated are anti (step 2 below). Finally. draw the alkene that is 
formed and note its stercochemistry (step 3 below). 


+” Вг 
Ph Br Ph 
\ Ph H (3) № H "— 
HA 0 Na‘ CH,CH;O / + CH;CH;OH + Na” Br 
Ph Ph Br ph 
H and Br 
H H are anti 


the alkene product has 
the Z configuration 


(b) Reasoning identical to that used in part (a) shows that the alkene formed has the E configuration. (We 
leave it to you to draw the appropriate structures.) 


In a stereospecific reaction with a given stercochemistry—anti-climination. in this case— 
diastereomeric starting materials must give diastereomeric products. 


In a stereospecific reaction with a given stereochemistry—anti-elimination, in this case—a diastereomeric 
product requires a diastereomeric starting material (either enantiomer). The easiest path to the answer is to 
convert the starting material in Eg. 9.402 into its diastercomer by the interchange of any two groups at one of 
the carbons. Either the following compound or its enantiomer would give the product of E configuration. 


HH 
т арћ 
Page 
CH; Br 


(a)  Letisobutyl bromide react with dimethyl sulfide. preferably in a polar aprotic solvent (although the 
reaction of a third-period nucleophile would occur at a useful rate in a polar solvent such as ethanol). 


(CH; CHCH;Br + :S(CH4); Came C (CH, CHCH;S(CH;); Br 
isobutyl bromide dimethyl sulfide isobutyidimethylsulfonium bromide 


(b) In this case, the nucleophile is the conjugate base of ethanethiol, sodium ethanethiolate. Although a polar 
apratic solvent could be used, ethanol would prabahly be the most convenient solvent (for solubility 
reasons). Because the nucleophile is from the third period, the reaction would occur at a convenient rate 
in a protic solvent: hence, experimental convenience determines the choice of solvent. The nucleophile 
would be easily formed from ethanethiol with one equivalent of sodium ethoxide, as shown in Eq. 10.4. 


text p. 454. 
(CHj;CHCH;Br + Ма" COS" ерда (CH), CHCH)SCH, + Na* Br 
isabutvl bromide sodium isobutyl ethyl sulfide 


ethanethiolate 


(c)  Incontrast. this reaction is an elimination that could be brought about by the reaction of isobutyl bromide 
with any strong base, such as Na* СН.СН,О (sodium ethoxide) or К (CH4),C—O (potassium tert- 
butoxide). 


(CH&;CHCH;Br + К" (СН:)СОГ тсиусон” (CH4;C— CH; + (CHj.COH + K'Br 


isobutyl bromide potassium 2-methylpropene 
tert-butoxide (isobutylene) 
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Analyze the alkyl substitution pattern in each alkyl halide: alkyl substitution at both the a- and f-positions 
increases thc ratio of elimination to substitution. Compound 2 is secondary and it has two f substituents: 
compound В has two В substituents: compound C has опе f substituent; and compound A, of course, has no В 
hydrogens and therefore cannot undergo §-climination. Therefore. the ratio of E2 elimination to S42 
substitution decreases in the order D» B» C» A. 


Chloride ion is a weaker hase than all of the alkoxide bases. Because a-substitution in the alkoxide pramotes a 
greater proportion of climination, the order is C > A > B > D. 


Products А and В result from the Lewis acid-base association reactions of water and ethanol, respectively. with 
the carbocation intermediate that is formed by ionization of the alkyl halide starting material. Products C and D 
result from the Lewis acid-base association reactions of water and ethanol, respectively. with the rearranged 
carbocation intermediate. (Compound D is the product shown in Eq. 9.60.) 


CH, CH, CH, CH, CH; CH, 
ionization | rearrangement | 


нс—С—Сн ————> HC—C—CH сг ————— нс—б—бн—сн, C 
| m $ 


| 
CH; CI CH; rearranged carbocation 


но hos vA we 
' 
єн, en сњ CH, сњ CH, CH; CH, 
HC—Ċ—ĈH—OH + HC—C—U0H—00H; + нс—С—Сн—Сн, + H,C—C—CH—CH, 
ki. k OH ОСН, 
А B C D 
+ RÓH,CI 


Alkenes can farm by loss of a fi-proton from either of the twa carhocation intermediates. (The solvent, 
indicated below by ROH. acts as the base that removes the proton.) 


CH; CH; 
HC—C—CH cr Fe (cH),C—cH=CH, + ROH, СГ 
CH; E 
unrearranged carbocation 
CH; CH, CH, 
HC —C—CH—CH, а ROHS (CH,),C=C(CH,), + ње снн, + ROH, CI” 


rearranged carbocation d G 
Alkene F would be formed in greatest amount because it has the greatest amount of alkyl substitution at the 
double bond. Alkene G would be formed in smaller amount; alkene E would be formed in least amount for two 
reasons: it comes from a carbocation that can rearrange. and it has only one alkyl substituent on the double 
bond. 


The mechanism for the formation of the rearranged product in Eq. 9.60 (product D in the solution to Problem 
9.26): 
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CH, CH, CH, CH; CH, CH, 
| ionization | m rearrangement | 
Hc —C—CH ———9— һс—Сс—Сн :0: —————* нес—Сс—Сн—СН; — 
nan = —* "M uns 
Сн,:С: Сн, „A Ch 
C;H.OH 
CH, CH; CH; сњ 
HC —C—CH—cH, — HC —© — CH — CH, + C,H.OH; Cir 
| 
Сн — не CHO: 
:@: C;H.ÓH 


The amount of racemization, 664€. corresponds to 33% of the 5 product and 33% of the А product. The amount 
of inversion corresponds to 34% of the S product. Hence, the product mixture consists of 67% of the S methyl 
ether and 33% of the R methyl ether. 
oe 
(CH; CHCH,CHICHI С осн * Da Т CH,CH,CH;CH(CH;) 
CHCH: CH;CH; 


3-methuay-3.7-dimeths luctane 
(product 4) 

(a) There should be an increasing percentage of racemization for more stable carbocations. because their 
stability increases their lifetimes: a greater fraction survives past the iun-pair stage to form fully solvated. 
achiral carbocations, as shown in Fig. 9.13. 

(b) А less stable carbocation. by the same reasoning as in part (a). should have a shorter lifetime: a greater 
fracuon will not last past the ion-pair stage. which reacts with the solvent by inversion. 


(a) Entry 3 of Table 9.7 on text p. 427 covers this case: the major product is the substitution product 
1-methoxybutane . which is formed by an $42 mechanism: 


CH,CH;CH;CH;-— Br: ——» CH;CH,CH,CH,—QCH, + :Bri 


*Ó6CH. I-methoxybutane 


А small amount of the alkene 1-butene will also be formed in an E2 reaction: 


4} 
H 
S scs 


CH,CH;CH СН, ё: ——>» CH,CH;CH = CH; + H—OCH, + :Br: 
|- 


1-бшепе 


(Б)  2-Bromobutane is a secondary alkyl halide, and potassium fert-butoxide is a strong, highly branched 
base. Entry 7 of Table 9.7 covers this case. Thus, the E2 reaction is the mechanism that occurs. Two 
possible alkenes, |-butene and 2-butene. can form. Either or both can be considered as correct answers. 
A significant amount of |-butene is formed because the large base molecule reacts at the least sterically 
hindered hydrogen. 
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Br: и 
Cp за. ЭКС _ " 
CH4CH;CH = CH;—H — CH;CH;CH — CH; + “Br: + HOC(CH3); 
2-bromobutane ]-butene 
We leave it to you to show the formation of the 2-butenes. 


(c)  2-Bromo-1.1-dimethylcyclopentane is a secondary alkyl halide with significant B-alkyl substitution; a 
protic solvent is used without a strong base. Entry 9 in Table 9.7 covers this case. Rearrangement from 
the initially formed secondary carbocation a to the tertiary carbocation 6 is likely to occur. 


H.C CH; 


CH; CH; 
a" Fi —- cy BrE ——- CH, :Brz 
a b 


Each carbocation can react to give both Syl substitution and El elimination products. Carbocation a 
gives the substitution product А and the elimination product В. 


HG CH; He CH; HG CH; 
(А) (А) =: es D 
a — zi —> бон; + HOCH. 
(В) РА 
HOC 
H `% 15 Ьа" 1 
(Bi HOC;H, 
carbocation (B) 
" HG сн 
3 
+ HOCH. 
& 


Carbocation b gives the substitution product С and the elimination products D-F. (The curved-arraw 
mechanism for formation of C is analogous to the mechanism shown above for the formation of A: and 
the curved-arrow mechanisms for the formation of alkenes D-F (by the ЕІ pathway) are analogous to the 
mechanism shown above for the formation of B.) 


CH H CH CH CH 
3 3C осун; 3 3 2 

б XM. om + CH, + CH, + Ca 
carbocation 5 с D E F 


(d) Bromocyclohexane is a secondary alkyl halide: methanol is a polar, protic solvent: and there is no strong 
base present. Entry 9 of Table 9.7 covers this situation; both Sp | product A and El product B are formed. 
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Kos 
H (B) ОСН; —» OCH; + Mes 
[\ \®) HOCH, :Br: Br: 
x - e methoxycyclohexane 
Br: К (Ai (the Sy 1 product A) 
bromocyclohexane Br 6: + HOCH; 


:Вг: 
cvclohesene 
(the Е! product Йй) 


(a) 
(CHj;CH — Вг + Mg аву — (CH3);CH — MgBr 


isopropyl bromide isopropyImagnesium bromide 
(a Grignard rcagent) 
(b) 


TE + 2L T TI + Lit Br 


(c) | Not all organometallic reagents are prepared from alkyl halides. Here's one from Chapter 5: 


BH, + 3(CH,),C—=CH, —mu—* |(CH;),CCH,}B 
on 
| 


1-cy clohexenyImagnesium bromide 


(a) 


(b) Тһе product of the reaction is rert-butyllithium, (CH 3),C— Li. and lithium chloride, Li* СЇ. 


(a) The product of the reaction results from protonolysis of the lithium reagent (text p. 431) at the carbon of 
the C—Li bond to give methane, CH4. and lithium methoxide. СНО Li*. The curved-arrow notation: 


"4 — 


pra | P nu prem 
CMÓ—H' сьш ——> cH U + CH 
methane 
(b) The products result from protonolysis of the C—Mg bond: isobutane. (CH ;),>CHCH3;, and HOMgCI. 


which, under the aqueous reaction conditions, is ionized to Mg**, HO”, and CI. The curved-arraw 
notation for the protonolysis: 


AM orem 


HO — н“ (СН CHCH7-— MgCl —> HÖF Мас! +  (CH3;CHCH; — H 
isobutane 
(a) (CH 3)2CH—MgBr and CHiCH;CH;—MgBr both react with water to give propane. 
(b) The compounds formed in the reactions of the Grignard reagents in part (a) with О-О are (CHi;CH—D 


and CH;CH;CH;—D. respectively. You should convince yourself of these results by writing a curved- 
arrow mechanism as shown in problem 9.33(b). 
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HC CH 
A a 
Q + — HCBr KR +  PhCH,Br 
bromoform HC CH; benzyl bromide 
cyclohexene 2.3-dimethyl-2-butene 
9.36 (a) 


< ] + НСС + K''OC(CH) —— Co» + HOC(CH), + K'CI 


cvclopentene 


(b) Products A and B. since they are diastereomers. ме pos in S edel 


CH, 
+ HCC + К? “OC(CH,); —> Oe Om + HOC(CH;); 
+ K*er 
9.37 (a) 
ne „Снн, m 
C =6 On HaC m CH;CH4 
7 N 
H CH; H CH; 
(Z)-3-methyl-2-pentene (racemic) 
ZnCu 
CH; 
H 
9.38 (a) a formation occurs at the face of the ring opposite to the methyl group for steric reasons. 
Сн, 
CH; 


9.39 The free-radical chain mechanism (initiation and propagation steps) for bromination of ethane: 
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hen 21: ig 
Initiation: Br—Br ——» 2 Вг. 


NNT 
Propogution: Br! НАВЕ CH, —» Br—H + -CHICH, 
ethyl radical 


^ 


£1 /\ 
Bí Br мснсн, —> Br—CH,CH + Br. 


cthyl bromide 
(bromocthanc) 


In the bromination of ethane. the ethyl radical. CH,CH.". is one of the chain-propagating radicals (Problem 
9.39). The recombination of two ethy! radicals in a termination step of ethane bromination forms a small 
amount of butane. 


CHCH; AN CH;CH; —- CH34CH;CH;CH; 


butane 


In this reaction. there is only 36% of the tertiary alkyl chloride product. and 64% of the primary chloride. While 
it would appear that abstraction of a primary hydrogen is favored. remember that there is a 9/1 statistical 
advantage to abstracting one of these hydrogens relative to the tertiary one. Therefore, we can calculate the 
relative rate of the two reactions. There is a little more than half. or 0.56 times, as much rert-butyl chloride as 
there is isobutyl chloride (36% + 64595). But on a per hydrogen basis. the tertiary hydrogen is (0.56 + 1/9) = S 
times as reactive as a primary hydrogen. This discrepancy is not as dramatic as in the reaction with bramine 
(Eq. 9.86. p. 439), but still favors abstraction of a tertiary hydrogen nver a primary one. 


The two major products formed when pentane reacts with bromine in light are 2-bromopentane and 3- 
bromopentane. These products are formed in roughly equal amounts, because they both come from similarly 
stable secondary radicals. A third possible product. |-bromopentane (not shown) is only a minor product 
because it would have to be produced from a much less stable primary radical. 


Br 
юм „А... ass к 
NC BIS. mh * Br 
pentanc 2-bromopentane — 3-bromopentanc 


(a) The major bromination product is the one that forms from the most stable radical intermediate, in this 
case. a tertiary radical. Other products would form from less stable secondary or primary radicals. at a 
slower rate, and in minor amounts. 


CH; СНз 


light Br 


+ Br — 


methylcyclohexane 


(b) The first step in solving a problem like this is to draw the structures of the starting material and the 
products. There are three different monochlorinated products that can form in this reaction. In 2,2,3- 
rimethylbutanc, there are fifteen primary hydrogens, and only one tertiary, which means the statistical 
chances of abstracting a primary hydrogen and forming the corresponding monochlorinated product is 
15/1. However. as you know from the discussion on selectivity in Sec. 9.10A. tertiary radicals are much 
more stable than primary ones, and are formed at a faster rate. We're told that the relative reactivity of 
the tertiary hydrogen under these conditions is 4.5 times greater than any of the primary hydrogens. So, if 
we multiply 4.5 by 1/15, we get 0.3. 
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The ratio then of the tertiary alkyl chloride product to the primary alkyl chloride products is 0.3:1. To 
convert that ratio into percentages, we add 0.3 + 1 = 1.3, and then divide 0.3 by 1.3 (and multiply by 
100%) to get 23.1%, which is the percentage of the tertiary product formed. 


The remaining 76.9% must be the two primary products. Since we can assume that there's no chemical 
preference for any one of the primary hydrogens over any of the others, we assume that there is a 9:6, or 
3:2 ratio of these two products to one another, based on the number of hydrogens available that would 
lead to each product. Thus, there is 30.8% of one of the primary alkyl chlorides, and 46.1% of the other. 


HC CH ' HC CH, HC сс снб CH 

о EC + C с, H,c—¢—¢—cl + H,C—C—C—H + "E m Ae 
нс сњ H m H m нс m 

2.23-trimethylbutane (23.1%) (30.8%) (46.1%) 


Solutions to Additional Problems 


The first step in any problem that requires structures is to draw the structures: 


CH; CH; CH; Br 
CH4(CH;4CH5Br CHCH ocn, копсо, РРР CH,CHCHCH,CH, 
I-hromohexane 4, N H lu, 
M 3-bromo-3-methyI- 1-bromo-2,2-dimethyl- — 3-brome-2-methyl- 2-bromo-3-methyI- 
pentane (2) butane (3) pentane (4) pentane (5) 


(a) Compounds (4) and (5) can exist as enantiomers. 

(b) Compound (5) can exist as diastereamers because it has two asymmetric carbons. 

(c) | Compound (1) gives the fastest S42 reaction with sodium methoxide because it is the only primary alkyl 
halide with no alkyl branching—that is. only one substituent——at the 8-carbon. 

(d) Compound (3) is least reactive to sodium methoxide in methanol because it cannot undergo a 
B-climination—it has no B-hydrogens—and the three B-substituents make it virtually unreactive in the 
Sx2 reaction, much like neopentyl bromide. 

(e) Only compound (1) can give only one alkene in the E2 reaction with potassium tert-butoxide. 

(f) Compound (2) will give ал E2 but по Sy2 reaction with sodium methoxide in methanol. 

(g) | Compounds (4) and (5) undergo the 541 reaction with rearrangement. [f compound (3) is forced to react. 
it will also undergo the Sp! reaction with rearrangement, but under ordinary conditions it will not react. 

(h) | Compound (2) will give the fastest Sy1 reaction because it is the only tertiary alkyl halide. 


The products of the reactions of isopentyl bromide. (CH): CHCH;CH;Br: (When the solvent is a by-product it 
is not shown.) 


(a) (b) (c) 
(CH3);CHCH;CH;I (CH3;CHCH;CH;OH + (CHj;CHCH;CH;OC;H; (CH3;CHCH —CH; 


+ K* Br + (CH;),CHCH=CH, + K* Br + K* Вг 


(small amount) 


sua my d IEEE ' teei nme LI E (EAEE wee 1 ra . -te Bilge oom ch теки rg 


9.46 


SOLUTIONS TO PROBLEMS • CHAPTER 9 


(d) (c) (f) (g) 
(CH;),CHCHCH, (CH3); CHCH;CH;F (CH3).CH (CH,),CH 
Br + Cs'Br 
Cl 
+ (CH4;CCH;CH; 
| Cl 
+ Znl; 
Br + (CH;);COH 
(from rearrangement) " Kt CI 
(h) (i) 0) 
(CH;),CHCH,CH; (CH;),CHCH,CH,OCH; (CH;),CHCH,CH,0 
+ Li* Br + Li* “OCH. + (CHj;CHCH —CH, + Ма? Br + Mg + 70D + Br 


(small amount) 
The products of the reactions of 2-bromo-2-methylhexane: 
CH; 
| 
CH;C(CH;4CH; 
| 
Br 


2-hbromo-2-methyIhexane 


(a) 
сн, CH, CH, CH, 
CHACICH,).CH, + CH CICH)SCH, + CHC—CHCH,CH,CH, + HC QCH) CH, + 
он ос, peesomiom alkene Tanned HO* + C;H.ÓH; + Br 
(b) (c) 
CH; CH; CH; CH, 
CHC —CHCH,CH,CH, + нс C(CH).CH; снн, + сн,с(сн›ьн, + K*Br 
+ Na*Br он | 
+ the alkenes іп рай (b) + HjO* Br 
(d) 
CH; CH; 
CHGACHCH,CH,CH, 4 BICH HH, CHICHICH; 
8 
(е) (f) 
CH, CH, CH, 
А, T MT * mn Menten: + Na* "B(OH), 
OH ба 


+ the by-products 
of oxymercuration-reduction 
shown in Eq. 5.22, text 
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(a) The gas formed is ethane. CH;CH;, along with the by-product НО” *MgBr. 
(b) Тһе gas formed is propane, CH4CH;CH.,. along with the by-product (CH4))CH—O *MgBr 


(a) The compound must be a saturated alkane. because its formula is C,H,.;. So, trial and error works here. 
start drawing different compounds that meet the criteria. The only one that gives only two achiral 
monochlorinated products is 2,3-dimethylbutane. 


нс сњ нс она ње сн 
h 

H—C—C—H + сь =» H—6—6—H *н—с—с—0 

HC CH, нс CH, HC сњ 


2.3-dimethylbutane 


(b) Тһе four compounds must be stereoisomers, and al] must be chiral. Additionally, they must contain a 
ring because they possess one degree of unsaturation but the problem states that they do not contain a 
double bond. Finally. they must contain an acidic proton. one that can be removed by the Grignard 
reagent to yicld cthane. a gas (see problem 9.47 (a)). Here, use trial and error to construct structures that 
meet all of the above criteria. 


EL. H с, i H a V OH 
нс OH `H OH HC HU Y 


3 


The order of increasing Sy2 reaction with KI in acetone is А < B < С < E < D. Tertiary alkyl halides such as А 
react slowly, if at all. in 52 reactions; secondary alkyl halides such as B react more rapidly; primary alkyl 
halides with two B-substituents (C) react even more rapidly; and unbranched primary alkyl halides (D and Е) 
react most rapidly. Of the two primary alkyl halides shown. the one with the better leaving group (D. with the 
bromide leaving group) reacts more rapidly. 


In all cases, the increase in polarizability is due to an increase in how easily distorted the electron cloud of an 
atom is going down a column on the periodic table (see Sec. 9.4E, text p. 403). 


(a  O,S.Se 
(b)  fluoroform, chloroform. iodoform 
(c) FEF СЄ ВГ 
The first thing to do is to draw out the structures. 
CHBr 
| 
CH3Br CH4CHCH;CH, CH4CH;CCH;CH; BrCH;CH;CH;CH;CH; BrCH;CHCH;CH; 
| | | 
4 Вг CH, D CH, 
B С Е 


The order of increasing $42 reaction rates is C < B < E « D < A. Alkyl halides with three f-substituents (C) are 
virtually unreactive in Sy2 reactions. Secondary alkyl halides with no B- substituents (B) react more slowly than 
primary alkyl halides with two f$ substituents (E), and the latter react more slowly than unbranched primary 
alkyl halides (2). Methyl halides (A) react most rapidly. 


(a) (b) (c) 
Na* =QCH,CH,CH, Na* =CN Na* =OCH,CH,CH,OCH, 
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(d) (e) 
_ „«СНз 
Na* a | (CH): 
(a) (b) 
CH,CH,CH, 
b снснсн, 


CH;CH,O~ N7CH; 
H сњоно б-н 
D 


(5)-2-cthoxy pentanc 


(a) (b) 
CH,CH —C(CH4; + CH4CH;C— CH; 
| 


, 9 
(с) 
{ )—н—осн + { унео CH4CH;C — CH; 
| | 
CH; 


CH; 


Dimma has attempted the Sy2 reaction of a tertiary alkyl halide with a strong base. As Dimma would have 
realized. had he consulted a superior organic chemistry text such as yours, that these are precisely the conditions 
that promote the [:2 reaction. Consequently. Dimma formed the alkene isohutylene (2-methylpropene. 
(CH45C—CH;). which bubbled merrily out of the reaction flask. іта, on the other hand. allowed a strong base 
to react with methyl iodide. which cannot undergo elimination: the only alternative is the desired S42 reaction. 


Allow the appropriate alkoxide. (CH4,)4CCH5—9O' Nat, to react with ethyl iodide, CH4CH;—1. Using xadium 
ethoxide with neopenty! bromide. (CH;),CCH;— Br. won't work: why? 


The different boiling points indicate that the three alky! halides are either constitutional isomers or 
diastereomers. The outcome of the Grignard protonolysis shows that all of the alkyl halides have the same 
carbon skeleton, that of 2,4-dimethylpentanc. The protonolysis in D-O confirms the fact that the bromines are 
bound at different places on the carbon skeleton. The only three possihilities for the alkyl halides are 


CH, CH, Сн, CH; CH, CH, 
Сань BrCH;CHCH;CHCH; CHCHCHCHCH; 
Br B Br 
А C 


Compound B is the chiral alkyl halide, and compounds A and C are the other two. (The absolute configuration 
of B (thal is. whether it is А or 5) is not determined by the data.) 
The protonolysis products in H;O and 0:0 are 


In HO: пр»: 
CH; ris CH, CH, rc Ch CH, CH, 
CH3CHCH;CHCH; CH4CCH;CHCH, — DCH;CHCH;CHCH, | CH4CHCHCHCH; 
from A. B. and C б {тот В б 


from 4 from C 
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9.58 2,3-Dimethylbutane contains two different types of hydrogens, six primary and two tertiary. The brom:ne 
radical will selectively remove tertiary protons over primary protons (Sec. 9.10). So compound A will have onc 
hrominc incorporated at a tertiary carbon. Compound B still has one more tertiary proton, which is more 
reactive than any of the primary protons. so the second bromine gets incorporated at the other tertiary carbon. 

He Hs He CH; њр us 
* | 
H—C—C—H + вь 9t. H—6—6—h * 86—68 
| 
HC CH; H;C CH HC CH; 
2,3-dimethylbutane А В 
9.59 In base, some of the chlorines are eliminated as chloride ion in E2 reactions. One such reaction is as follows; 
can you find another? (S2 react:ons probably do not occur: why?) 

Cl. ‚©! 

Cl 

CI H 
EET jj н + H—OH + 20: 
Cl Cl 
Cl 
9.60 (a) 


The presence of a strong base favors an E2 reaction. Two different protons could be lost. along with a 
bromide ion. Proton (a) is lost by an anti-elimination. To determine the stereochemistry. draw the 
structure with this proton and the bromine in an anti y nd 


нен, 
CH;CH, =C from loss of H fa) 
Na’ CH,” ‘oH, 
CH.OH 
"m н;С= онан from loss of H (b) 
(28.3R)-2-bromo-3-methylpentane m 


As the equation above shows. the loss of hydrogen (5) gives a different alkene. Because this alkene has 
no stereoisomers, the stereochemistry of the elimination is not relevant. Methanol and Na* Вг are 
formed as by-products in both eliminations. 


(b) The reaction conditions favor a solvolysis reaction, which occurs by an SyI-E1 mechanism accompanied 
by rearrangement. 


HE CH;CH; а CH;CH, н, 
H E: —C—u + CH,CH,CCH,CH, + H;C—CH — н + CHCH = CCH;CH; 
| 
CH;0 Сн; CH; CH; D 
ЕІ product from 
"E. H C both carbocations 
substitution product substitution product E! product from the (E and Z isomers) 
from the first-formed from the rearranged first-formed carbocation 
carbocation carbocation (small amount) E CHOH, Br- 


The Sy! product A is derived from the Lewis acid-base association reaction of solvent with the first- 
formed carbocation. It should be partly racemic, although the exact stereochemical outcome is difficult to 
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predict exactly. It should have largely inverted configuration at carbon-2, because the carbocation will be 
a hackside-solvated ion pair: this carbocation will react faster with the salvent molecule than the bromide 
ion is replaced by a second solvent molecule. (Sec Fig. 9.13. text p. 426.). The stereochemistry of 
carbon-3 is unaffected. The substitution product B is derived from the rearranged tertiary carbocation. 
Compounds С and D (D is a mixture of E and Z isomers) are E} products. The stereochemistry at 
carbon-3 of alkene С is the same as in the starting alkyl halide. Alkene D should be the major alkene 
product because it has the larger number of substituents on the double bond. 


9.61 (a) — Redraw the structures in a sawhorse or line-and- wedge projection in which the hydrogen or deuterium 
that is eliminated is anti to the bromine. The stereochemistry of the alkene follows by looking al the 
relationship of the substituents— gauche or anti. Anti substituents are trans іп the product alkenc. 


Br 
H^/ “CH, 
D CH; 

H 
anti-elimination anu-elimination 
of D and Br | М and Bi 

C 
| [ 
PF CN dis. 
HaC H D CH, 


(b) Proceed the same way as in pari (a). Because the starting materials are diastereomers, the products must 
also be diastereomers if the elimination is anti. 


Br 
НУ SCH, 
H. (CH, 
D 
anti-elimination anti-elimination 
of H and Br A of D and Br 
H CH; H CH; 
X C / v C A 
| | 
E N "diis" 
нс“ "D н "CH, 


9.62 In the transition state of the Sy2 reaction. the carbon at which substitution occurs is sp*-hyhridized: 
consequently. the ideal bond angles at this carbon arc 120°. (See Fig. 9.2 on text p. 395.) This requirement for a 
120° bond angle means that as cvclopropyl iodide is converted into the S42 transition state, the bond angle 
within the cyclopropane ring should increase. The increasing angle causes additional angle strain in the 
cyclopropane ring that raises the energy of the transition state. Consequently, 542 reactions of cyclopropyl 
halides are unusually slow. 
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£x „|! м, 


Т | | 
* CN 


greater angle; 
greater strain 


Such rate-retarding angle strain is present in neither compound (b), isopropyl iodide, nor its S42 transition state. 
Consequently. the S42 reactions of isopropyl iodide are faster than those of cyclopropyl iodide. 


If this compound were to undergo solvolysis. it would have to farm carbocation A: 


ay — A + б 
Sich WA 


As a model will verify, the four asterisked carbons cannot become coplanar because of the constraints of the 
bicyclic ring system. Yet sp* hybridization requires trigonal-planar geometry. Remember: /rybridization and 
geometry are connected. If а molecule can't achieve the geometry for a given hybridization. then that 
hybridization will not occur. Becausc зр? hybridization is the lowest-energy hybridization for a carbocation. the 
inability to achieve this hybridization raises the energy of the carbocation. 

But that's not all. Solvation of the carbocation can only occur from one side, because the opposite side of 
the electron-deficient carbon is blocked by part of the ring system. The absence of effective solvation. then, also 
raises the energy of this carbocation. Any solvolysis reaction involving such an unstable carbocation is slow. 


(a) Potassium fluoride, an ionic compound, is not soluble in hydrocarbons such as benzene. Consequently, it 
will not react in such solvents because its dissolved concentration is essentially zero. When the crown 
ether is added. the crown ether forms a benzenc-soluble complex with the potassium ion, which. by 
electrical neutrality, includes an accompanying "naked" (that is, essentially unsolvated) fluoride ion. This 
soluble but unsolvated fluoride ion is a very good nucleophile. and reacts with benzyl bromide to yield 
benzyl fluoride, РЪСНЭЕ, plus "naked" bromide ion. which then exchanges with insoluble potassium 
fluoride to give more dissolved fluoride and solid KBr. The newly dissolved fluoride can react with more 
benzyl bromide. The cycle is repeated until one of the reactants is exhausted. To summarize: 


crown ether crown ether: K* F- PhCH;F + crownether-K* Br crown ether- К* F^ 
(soluble) (soluble) (soluble) (soluble) 
Р _ > " Phone i = + 
K* F K'F K'F KBr + K'F 
(insoluble. (insoluble, (insoluble, (insoluble) (insoluble, 
in excess) in excess) in excess) in excess) 


(b) The scheme in part (a) shows that complexation of the cation by the crown ether is essential for the 
reaction to occur, because this is the only way to obtain the dissolved anion. Because [18]-crown-6 does 
not hind the smaller lithium cation—it is selective for the larger potassium cation—lithium fluoride is not 
solubilized by the crown ether. and is therefore unreactive whether the crown ether is present or not. 


(a) The Syl solvolysis products result from the Lewis acid-base association reaction of the respective 
solvent molecules on the carbocation intermediate, followed by loss of a proton. 
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o о 
{ 
| 
MOSCA (снб OCCH, + HCI 


tert-butyl acetate 


1 
(СНС — OCH + HCI 


tert-butyl formate 


(СНз) С — CI => (CH,);C* = [e] 


а" HOCH 


Both solvents are protic and donor solvents. and therefore differ very little in their ability to solvate ions 
by hydrogen bonding or donor interactions. The major difference between the two solvents is their 
dielectric constants. The reaction is faster in formic acid because its higher dielectric constant promotes 
the separation of the chloride-ion leaving group from the carbocation. (This effect is discussed in Sec. 
9.6C on text p. 422.) Because this is the rate-limiting step in the 541 reaction, lowering the standard free 
energy of activation of this step increases the rate. 


In a hydrogen-bonding solvent such as ethanol. reactions of alkyl halides with strong-base nucleophiles 
are retarded by hydrogen bonding of the solvent to the nucleophile. Hence. within a column of the 
periodic table, the element effect on nucleophilicity is that weaker bases аге better nucleophiles. Hence, 
the thiolate ion (which is a weaker base than the alkoxide ion) wil] out-compete the alkoxide ion for a 
limited amount of alkyl halide. As a result. the product of the reaction is ethyl methyl sulfide. 
CH,CH,S—CH)}. 

In polar aprotic solvents. which cannot form hydrogen bonds to strong bases, stronger bases within a 
column of the periodic table are the better nucleophiles. In this case. the alkoxide ion oul-competes the 
thiolate for the alkyl halide. and the product is thus ethyl methyl ether. CH;CH,O—CH3. 


The thiosulfate dianion contains two types of nucleophilic atoms: the anionic oxygen and the anionic 
sulfur. Hence. alkylation could occur al the oxygen or the sulfur: 


o e 
Na* -$—S"-0—CH, + HC—S—S--0' Na 
0- 0- 
4 В 
product of O-alkylation product of S-alkylation 


In a hydrogen-bonding solvent such as methanol, the more weakly basic atom is the better nucleophile. 
(The principle is the same as in the solution to Problem 9.66.) Hence. product B is the major one 
observed. (What solvent change could you make to obtain more of product A?) 


The principle to apply is that the right side of the equilibrium is favored by the solvent that better 
separates and solvates ions. Because ethanol is the more polar salvent—it has the higher dielectric 
constant—it better separates ions. Because it is a protic, donor solvent, it better solvates ions; 
consequently, the equilibrium lies farther to the right in ethanol. Furthermore, ethanol's ability to donate 
hydrogen honds allows it to provide better solvation for the bromide ion than does diethy! ether 

In this case. the dielectric constants of the two solvents аге the same. Consequently. the ability of the 
solvent to solvate the ions determines the relative position of the equilibrium. Because dimethylacet- 
amide is aprotic, it does not solvate anions as well as the aqueous methanol solvent, which has a 
hydrogen-bonding solvation mechanism available. Consequently, the equilibrium lies farther to the right 
in aqueous methanol. 
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As Eq. 9.64 (text p. 431) shows, ethers solubilize Grignard reagents by forming Lewis acid-base complexes 
with them. Because a tertiary amine is also a Lewis base. it can solubilize Grignard reagents by the same type of 
interaction: 

R 


ls 


LT б“ 
RN: — Mg +— :NR, 
| 
Вг 


The reaction between methyl iodide and sodium ethoxide is an 5 {2 process that has the following rate law: 
rate = 4[CH4l][ CH; CH;O | 


This means that the rate of the reaction depends on the concentration of the nucleophile. In the first case. the 
nucleophile concentration changes during the reaction from 0.1 M to 0 M; in the second case, the nucleophile 
concentration changes from 0.5 M to 0.4 M. In the second case, the reaction is faster because the concentration 
of the nucleophile is higher at all times during the reaction. However. in either case, there is sufficient nucleo- 
phile present to react completely with the alkyl halide. If we wait long enough. the yield of the reaction will be 
the same in either case. 


In methanol. the iodide ion is an excellent nucleophile but. because of its weak basicity. also a good leaving 
group. Hence, the iodide ion reacts rapidly with methyl bromide to give methyl iodide. The methyl iodide then 
reacts more slowly with the methanol solvent in a slow S42 solvolysis reaction. 


slower reaction; 
faster reaction; iodide ion 
iodide ion reappears slowly 
disappears rapidly -— 
RV 4 e 
mm |X £| 2 HOCH «tL HOCH 
Пг НС: —» :[—CH, ——-- H,C—OCH, ==> НС —ӦСН, 
А ‘Bre її * HOCH; 


Because it is a tertiary alkyl halide without B-hydrogens, trityl chloride can react only by the Syl mechanism. А 
characteristic feature of this mecnanism is that the first step is rate-limiting, whercas the Lewis acid-base 
association reaction of the nucleophile(s) with the carbocation intermediate occurs in the second, product- 
determining. step. Hence. the rate of reaction of trityl chloride is independent of the nucleophile concentration. 
and therefore independent of the nucleophile that reacts with the carbocation. 


PhjC— CI —————— —»  Ph,C* CIT ———————> substitution products 


reaction with nucleophiles: 
the product-determining step 


trityl chloride trityl 
cation 


The product-determining steps for the various reactions are different. The principle to apply is that the better 
nucleophile reacts more rapidly with the carbocation intermediate; hence, the major product is derived from the 
better nucleophile. 

Thus. in reaction (1), the only nucleophile available is water. The reaction of water with the carbocation 
and loss of a proton to solvent gives trityl alcohol. Ph;C—OH. as the solvolysis product. (The solvent acetone 
can also in principle react with the carbocation, but the reaction product is unstable under the reaction 
conditions for reasons that we won't discuss here.) In reaction (2), both water and azide ion are in competition 
for the trityl cation. The basicities of water and azide are determined by the pK, values of their respective 
conjugate acids. The conjugate acid of water, H,O*, has a pK, value of -1.7. The conjugate acid of azide ion. 
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HN,, has a pK, value of 4.7. Consequently, azide is the more basic nucleophile, and is evidently the better 
nucicophile. When. in reaction (2), sodium azide is added to the reaction mixture, trityl chloride ionizes at the 
same rate, but the carbocation intermediate reacts preferentially with azide ion. 

When hydroxide ion is added in reaction (3), the rate of ionization of trityl chloride again remains 
unchanged: however. because bath hydroxide ion and azide are present. both nucleophiles react with the 
carbocation to give a mixture of trityl alcohol and trityl azide. 


(a) — If retention is the stereochemical scenario. each act of substitution has no affect on the optical activity, 
and К = 0. If inversion is the stereochemical scenario, each act of substitution inverts the 
stereochemical configuratian of one alkyl halide molecule, which gives it the opposite sign but the same 
magnitude of optical rotation. In this case, the optical activities of ava molecules cancel: so, two 
molecules’ worth of the original optical activity are lost. Therefore, К/К = 2. This situation can be 
envisioned with the following "cartoon" 


HAA E. E] E. EH. E 
| inversion of one molecule 


B B HHAH E93 


six molecules with (+) rotation 


two units af 
optical activity 
are lost 
If equal amounts of retention and inversion occur. then for every event that results in the loss of two units 
of optical activity, we have another event that results in the loss of no optical activity; on 
average. А°/Д = |. 
(b)  Theresults show that &°/k, = 2, thus establishing inversion as the stereochemical outcome. 


The fact that protonolysis reactions of the corresponding Grignard reagents give the same hvdrocarbon indicates 
that the two compounds have the same carbon skeleton. The conditions of ethanol and no added base are Sy 1 
conditions. Since compound А reacts rapidly to give a solution containing bromide ion. it must be an alkyl 
halide that readily undergoes an S1 reaction, and therefore it is probably a tertiary alkyl bromide. Because the 
two alkyl halides give the same ether, the product from compound В must be formed in a rearrangement. The 
only tertiary alkyl! halide with the formula СН Вг is 2-bromo-2-methylbutane, and this is therefore 

compound А: 


"i CH; 
| 
CH.CCH,CH, + CH;CH,OH ——® CH,CCH,CH, + НВг 
| | 


Вг OCH;CH; 
2-bromo-2-methylbutane 2-cthoxy-2-methylbutune 
ГАТ (С) 


Two possible alkyl halides with the same carbon skeleton as A could rearrange in respective S41 reactions to 
give the same carbocation. and hence the same ether product, as А: these are labeled B/ and B2 below. (An Syl 
reaction of B/ would be very slow, if it occurred at all.) 


Ch, CH; 
| 
BrCH;CHCH;CH; CH,CHCHCH, 
ВІ Br 
B2 
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However, only B2 can react in an E2 reaction with sodium ethoxide to give an alkene that furnishes acetone as 
onc of its ozonolysis products: 


CH, 
| Р 
CH,CHCHCH, 12 #0. (Cu C CHCH, 
| 


Op then HOO (CH}C=0O + HO,C— CH, 


Br + acetone 
B2-B (CH3;CHCH —CH; 
2-bromo-3-methylbutane does not give acetone 


as an ozonolysis product 
Consequently. compound 82 is compound В, 2-bromo-3-methylbutane. 
9.75 Remember that the key to working problems of this type is to find a known structure and work from it. (See 


point 3 in Study Guide Link 4.3. p. 73 of this manual.) Compound В is an alkene. because it decolorizes Br; in 
an inert solvent. The structure of the ozonolysis product C leads to the identity of В. 


нос усон => Сҹ 


/ "Am E 


|| 
N 
S 


C 


The molecular formula of A. СУН Br. is equivalent to that of the alkene B plus the elements of HBr. Because 
the structure of C shows that the carbon skeleton must be bicyclic. there can be no additional unsaturation in A, 
a point confirmed by the fact that it does not add bromine. Evidently, compound A is an alkyl halide that 
undergoes a reaction with a strong base to give the alkene В: this reaction is then an E2 reaction. The alky! 
halide А, and its E2 reaction, are as follows: 


^ A 
/ / 
: JA | к (CHjCO- = А. " 
f —— / PP 
f£. Le Сон fl И 
A B 


9.76 Compound A is an alkyl halide with two degrees of unsaturation; because one unsaturation is accounted for by 
the cyclohexane ring found in subsequent products, the other must be a double bond. Subsequent elimination 
reactions of A yield two dienes B and C. The catalytic hydrogenation of these two compounds establishes that 
compounds A-C and 1-isopropyl-4-methylcyclohexane have the same carbon skeleton. Because ozonolysis 
leaves the cyclohexane ring intact. the double bond must be external to the ring: and the identity of product F 
shows that both double bonds are in fact attached to the ring. There is only one possibility for compound В : 


"m CH, 
CH; 
compound В 


The following are possibilities for A: 


сњ HC, CH; Br 
BrCH, HC H.C C(CH,), 
CH; Br CH; CH(CH3); | 


Br 
Al A2 A3 A4 
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Any other possibility for A is ruled out both by the structure af B and hy the fact that compound A is achiral. 
Compound A} is ruled out by thc fact that if can only give one dicne in the E2 reaction: yet compound A gives 
two dienes. compounds B and C. That compound A undergoes Syl solvolysis rapidly also rules out compound 
Al, because it is a primary alkyl halide that would not react under S41 conditions. Because compound A 
undergoes ozonolysis to give acetone—and because structure А / was ruled out—only structure A2 fits all the 
data. The structure of alkene В is given above: the structure of alkene C. the other E2 reaction product of 


compound A = A2. is as follows: 
CH; 
H,C- 
CH; 


compound C 


Now thai we know compound А, we are in a position to derive the structures of compounds D and £. These are 
the bromine-addition products of compound A. The two products are the two possible diastereomers: 


Br 


T — | 
ie Pi У Br, НС. / 7 C(CH3)3 1 EM 2% 
BN ch, BON ^B ссн 


Dand E 


9.77 Compound A has no conformation in which the -hydrogens and the bromine are anti, whereas in compound B, 
the B-hydrogens are anti to the bromine in the more stable conformation (shown). For this reason, compound В 
should more readily undergo the E2 reaction. 


Br 
Сн» сн! CH; 
Br IH 
H H 
Compound 4 has no Hs anti to 


the. Rr inenherconformation Compound В has two Hs anti to the Br 


in the more stable conformation 


9.78 The important keys to salving this problem are (1) that the E2 reaction is fastest when the hydrogen and 
chlorine are anti; and (2) the substituted cyclohexanes can undergo the chair interconversion rapidly. In order 
for menthyl chloride to undergo anti-elimination, it must undergo the chair interconversion so that the chlorine 


is axial: 
H 
3h погапі — E2,. T 
НС 7 Cl H tothe Cl «e CH(CHy), 
CH(CH И 
menthyl chloride anti сн; sic Od 
(this conformation cannot to the CI 


undergo anti-elimination) 


The only alkene that can be formed by anti-elimination is 2-menthene. In contrast. neomenthyl chloride has two 
B-hydrogens. Н“ and H^, that can be lost in anti-eliminations along with the chlorine to give 2-menthene and 3- 
menthene. respectively: 
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" T elimination of H" and Cl TEDS CH(CH;3); 


CH(CH 
HC or [М 2-menthene 
H 
М 1 f H" and CI 
elimination of H^ and C 
neomenthyl chloride cC E wo HCH, 
3-menthenc 


More 3-menthene is formed because it is the alkene with the greater number of alkyl substituents at its double 
bond. 


9.79 (a) Because the alkene product is cis, the transition state for the elimination in reaction (1) must have the two 
methyl groups on the same side of the molecule—that is. the two carbon-methy! bonds must be gauche. 
Drawing the molecule in a conformation with gauche methyl groups shows that the bromines are 
eliminated from opposite sides of the molecule; that is. the elimination is anti. In this reaction. 1. is a 
nucleophile. one Br is an electrophile. and the other is a leaving group. 


‘Bf ү Г 
H anti-climination of н... C Ch 
CH3 two bromines | ? —— 
—_——— == P a :Br — r 
H CH; H mE C CH, e .. 


In reaction (2), because the phenyl groups are on opposite sides of the product alkene, the transition state 
for elimination must also have the phenyl groups on opposite sides. Drawing a conformation that meets 
this condition reveals that the hydrogen and the acetoxy group are eliminated from the same side of the 
molecule: that is, the elimination is syn. 


H 
AcO С 
—- d + AcOH 
Ph H Ph ^H 


(b) Тһе first-order kinetics suggests a unimolecular process—that is, the absence of any other molecule in 
the transition state. The following mechanism would accommodate this observation as well as the 
stereochemistry in part (а). 


Hic 
N 
=O 
05 SH Ph CH, 
\ 
Phe СС cH, С=С + AcOH 
/ N 
H Ph H Ph 


An intramolecular anti-elimination involving a similar proton transfer is stereochemically impossible. 


9.80 (a) Тһе key to the solution is to assume that E2 reactions are faster when they can occur with anti 
stereochemistry. In the first compound. two -hydrogens can be eliminated with the bromine: the 
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hydrogen at the ring junction, and a hydrogen of the methyl group. The hydrogen at the ring junction is 
climinated because it gives the alkene with the greater number of alkyl substituents on the double bond. 


anti to the Br 


H CH; 
inis E2 p 
LS ж. LA 
H Br о H 


In the second compound. the hydrogen at the ring junction cannot be anti to the bromine: hence. the only 
anti hydrogen available for elimination is a hydrogen of the methyl group: 


(b) 


syn (gauche) 
to the Br 


dier uas 
H ge е) H О 
/ 
H 
anti to the Br 
9.81 (a) — ff radicals rearranged similarly to carbocations. then we would expect primary radicals to rearrange to 
more stable tertiary radicals. We know that primary radicals exist as intermediates in this experiment 
because we see chlorine incorporated into the methyl groups (product В). However, since we dan't see 
the deuterium incorporated into the methyl groups in the products in this experiment. we can deduce that 
the primary radical is not rearranging. 
hora ye this product would mV 


f rearrangement 
be seen 


this product is not observed 
occurred, 


C 

| 
нс—С—о —— E; ccc. 3 —“—“> HC—6—0 
; C 


experimentally, therefore 
rearrangement of the radical 
must nol occur 


CH; CH, 


isobutyl radical tert-butyl radical 


(b) In Eq. 9.88. tert-butyl chloride is formed in 36%, and isobutyl chloride is formed in 64%. The first step 
in any of these reactions is the abstraction of a proton (or deuterium). To form tert-butyl chloride, а 
hydrogen must be removed from the tertiary carbon. To form product A in Fig. P9.81, a deuterium must 
be removed from the tertiary carbon. Since the C-H bond is weaker than the C-D bond. we expect the 
former reaction to be faster. and the latter to be slower. Thus. product A would be formed in some 
amount less than the 36% we see for tert-butyl chloride, and product В would make up the difference, 
forming in greater than the 64% we see for isobutyl chloride. 


(c) Starting with isobutane, carry out a radical bromination to create tert-butyl bromide (Eq. 9.86. text p. 
439). Then treat the product with magnesium metal in ether to create a Grignard reagent, which can then 
be reacted with D;O, ОСІ. or other reagents containing an acidic deuterium to produce isobutane-24. 


CH, CH, CH; CH; 
| light M3 | D;O | 
CE Ri + Br — НС — C — Br E- nai LESE Pas —- LP TL 
CH, CH, CH; CH, 
isobutane tert-butyl bromide Cirignard reagent isobutane-2d 
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9.82 (a) Initiation of the reaction by AIBN (see Eq. 5.50. text p. 206) suggests a free-radical chain mechanism. 
The first initiation step is shown in that equation. Let the free-radical product of that reaction be 
abbreviated as К°, and let the butyl group be abbreviated as Bu. The second initiation step is 


RAAL sepu —> R—H + баву), 


The propagation steps are as follows: 


(Bu);Sn ÉL 
—» (Bu);3Sn—Br + НС 
HC 
Bu КАР 
(Bu); н 
——» (Вџ);Ѕп: + x > 
HC 


(b) Опе sequence of reactions is to convert the alkyl halide into a Grignard reagent. which is then treated 
with water: 


"Ausus 9 
HIC H&C HC 


Another is to carry out an E2 reaction to obtain an alkene (or a mixture of alkenes), which is then 
subjected to catalytic hydrogenation to give methylcyclohexane. 


“© 


9.83 (a) Product А results from anti-elimination by a conventional E2 reaction: 


a LTE == AA. "arm 


3-cyclohexen-1-0ol 
(4) 


(The same sort of elimination reaction gives compound A from cis-4-chlorocyclohexanol.) Product B is 
formed by an intramolecular nucleophilic substitution reaction of the alkoxide that occurs in the twist- 
boat conformation (shown here for simplicity as a boat): 
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CI -OH CI 
Р лег ee gf REPE 


Product C results from an ordinary Sy2 reaction: 


бн е 


:OH 
C 


(b) The intramolecular substitution that yields the bicyclic compound B requires. like all nucleophilic 
substitutions. approach of the nucleophile to the backside of the electrophilic carbon—the side opposite 
to the departing chloride. This can happen only in the boat form of the trans stereoisomer. Because a 
conformation that permits backside substitution of the intramolecular alkoxide is not available to the cis 
stereoisomer, il reacts instead by an ordinary S2 reaction with the external nucleophile OH. 


Notice that the formation of product B instead of cis- 1.-4-cyclohexanediol from the trans stereo- 
o» isomer of the starting material means that the intramolecular nucleophilic substitution reaction 
is much faster than the Sy2 reaction of the same compound with hydroxide. Intramolecular 
reactions are in many cases faster (han analogous intermolecular reactions. This point is 
explored in more detail in Sec. 11.8 of the text. 


The reaction of butylamine with 1-bromobutane is a typical Sy2 reaction. (Bu— = the butyl group = 
CH;CH.CH.CH;—): 
Z à Ру ` 
Bu— NH, :Br— Bu 

This mechanism is consistent with the second-order rate law, because the rate law requires one molecule of 
amine and one molecule of alkyl halide in the transition state. 

The second reaction is also a nucleophilic substitution reaction, but. because it is intramolecular (that is, the 
nucleophile and carbon at which it reacts are part of the same molecule). the reaction is first-order. 


Bu — NH;— Bu Br: 


N + x 
NH, —> 2) rz 
WY 


(a) The reaction occurs largely with retention of configuration and only a small amount of inversion. This is 
inconsistent with stereochemical inversion observed with other Sy2 reactions. and this result caused a stir 
for that reason. (By the time this study was done, stereochemical inversion in the S42 reaction had 
become well established.) 

(b) The initial formation of trans-P occurs by the usual 52 mechanism with inversion. The subsequent 
formation of cis-P occurs when iodide ion in solution displaces iodide, again with inversion. from trans- 
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P by a second 542 reaction with inversion. Starting with either cis- or trans-P gives the same equilibrium 
mixture in which cis-P is the major component of the equilibrium. 


10712150) M — C;H.O " - 
| e | 
cis-P yD | 


trans-P 
(c)  Cis-P is favored because both substituents can exist in equatorial arrangements. (See Sec. 7.5B and 
Problem 7.16 for a discussion of the puckering of cyclobutane rings.) As in substituted cyclohexanes. 
substituted cyclobutanes are destabilized by 1.3-diaxial interactions. 


CHO LM d | 
ar A 
cis-P С.н.о 
both substituents are equatorial 
(more stable) frans-P 
one substituent is axial 
(less stable) 


9.86 (а) _ Bromine addition to alkenes is anti: consequently. the stereochemistry of compound В is as follows: 
(CH)3Si H 


Bu 


(racemate) 


(b) Draw the structure of compound В in a conformation in which the butyl (Bu) group and the Вг that 
remains after the elimination are on opposite sides of the molecule, because this is the way they are in the 
alkene product. This shows that the trimethylsilyl group and the bromine are anti: consequently, the 
elimination shown is an anti-elimination. 


e 
(CHs)3Si H Br 
30CH, H Br 
LT + бї + CHG —Si(CHy), 
Bu 


H 


B [4 


(c) — Diastereomeric starting materials must give diastereomeric products if the stereochemistry of the two 
reactions remains the same. The £ stereoisomer of compound A therefore would give the diastereomer of 
compound В (as thc racemate), and the subsequent elimination would give the Z stereoisomer of 
compound C. This can be shown by the analysis used in parts (a) and (b) with thc positions of the 
trimethylsilyl group and the hydrogen interchanged. 


9.87 (a) | Sodium hydroxide acts as a base to form trichloromethyl anion, which then forms dichlorocarbene. (See 
Eq. 9.72a-b on text p. 433.) Dichlorocarbene reacts with iodide ion to form a new anion, which is 
protonated by water. The reaction is not observed in the absence of NaOH because a base is required to 
form trichloromethyl anion. 
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ChC— H 76H =œ сусг + н—@н 


trichloromethy! 
anion 
» Cow = нн Je 
б „=> сб: => C^ — ссн + 7H 
Gc}: dichloracarbene ‚| : | : 


(b)  Butyllithium acts as a base to form an anion that decomposes to phenylcarbene, which then reacts with 
the alkene to form the cyclopropane. 


f hs se D LA 
PUN д Li=-CH,CH,CH,CH, ——> Ph—CH Lii — Ph—CH + Li” 20k 


Se 


| 
NT "m phenylcarbenc 


+ CH4CH;CH;CH, 


Z o» 
80) — €) 
м 
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The Chemistry of 
Alcohols and Thiols 


STUDY GUIDE LINKS 


LT 10.1 More on Half-Reactions 


The technique used for balancing the half-reaction in Eq. 10.40a—c of the text. shown in Study 
Problem 10.3, text p. 476. is relatively straightforward when oxygens are involved. How can half- 
reactions be written when oxygens are not involved? For example, what is the half-reaction in the 
following oxidation? 


HC--CH, Dix Br Сн СН, Вг 


Since oxygens are balanced with H-O. the bromines can be balanced with HBr. Taking this 
approach results in the following half-reaction: 


2HBr + H,C=CH, ——» Br—CH,—CH,—Br + 2e + 2H 
The corresponding inorganic half-reaction is 
2€ + 2H* + Br ——» 2HBr 


If the two half-reactions are added, and if the "free electrons" and the HBr molecules on each side 
of the equation are canceled, the sum is the overall bromine addition reaction: 


2HBr + H,C—CH, —» Br—CH,—CH,— Br + 26 + 2H* 
2€ + 2H' + Br, —» 2uBr 
HC = Сн, + Br —* Br — CH; — CH; — Br 


Although the notion of a hall-reaction can thus be applied to bromine addition. it isn't very useful 
because not only “free clectrons" but also fictitious HBr molecules have 10 be used to make it 
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work: HBr is not involved in the bromine addition reaction of alkenes. On the other hend. water 
and protons really аге involved in the oxidation of ethanol to acetic acid. so that the idea of a half- 
reaction is somewhat morc realistic. 

When you want to determine the number of “electrons lost" and “electrons gained“ in an 
oxidation or reduction reaction, you'll find it much simpler as a rule to calculate the change in 
oxidation number than to balance a half-reaction. The only time half-reactions are worth the effort 
in organic chemistry is when you have to balance a complicated oxidation-reduction equation. as 
demonstrated in Study Problem 10.6 (text p. 480). (One certainly doesn't need half-reactions to 
balance the bromine-addition reaction above.) Nevertheless, it is important for you to understand 
the concept of a half-reaction because biochemists frequently discuss redox processes in terms of 
half-reactions. If you take biochemistry, you'll probably be glad you learned (or re-learned) these 
concepts herc. 


FURTHER EXPLORATIONS 


10.1 Solvation of Tertiary Alkoxides 


The discussion in the text shows that the relative basicities of alkoxides in solution is clearly 
governed by solvation, because the basicity order in solution (tertiary > secondary > primary) is 
different from that in the gas phase (tertiary < secondary < primary). How can we visualize this 
solvation effect? 

At first, it was thought that this might be a steric effect; that is, the alkyl branches in a tertiary 
alkoxide "get in the way" of the solvent that would normally be solvating the alkoxide oxygen. 
However. this was shown not to be the case in the following way. There is some indication that 
the AH? of solvation for tertiary alkoxides is actually negative. Steric effects normally are 
reflected by increases іп AH?. (For example, this is why cis-2-butene has a greater AHP than 
trans-2-butene.) The unfavorable AG? for solvation, then. resides in a negative AS?. (Read about 
the solubility of hydrocarbons in water in thc text, Scc. 8.6D.) The negative AS? means that thc 
solvent is becoming more ordered, less chaotic, when the tertiary alkoxide dissolves in it. 

When the tertiary alkoxide dissolves, the solvent surrounding the hydrocarbon groups cannot 
form hydrogen bonds to the hydrocarbon groups, so they form stronger hydrogen bonds to each 
other. This releases energy; therefore, the AH? decreases. However. the tighter hydrogen bonds 
reduce the random motions of the solvent molecules; because randomness decreases, AS? 
decreases. In effect, the solvent around the alkoxide becomes more like a solid (ice, if the solvent 
were water). Because of the tightened hydrogen-bond structure of the solvent, the solvent resists 
disruption by interaction with the alkoxide oxygen. and the alkoxide oxygen is left "naked." that 
is. unsolvated. This is what we mean when we say that the hydrocarbon groups adversely affect 
the solvation of thc alkoxide ion. 

Think of the following analogy. Imagine a large number of little children running around 
wildly on a playground. more or less at random. А new child (let's call him Josh) enters the 
playground carrying candy. A few of the children see this and run up to Josh and interact 
"favorably" with him by accepting some of his candy. 

In a second scenario, let's imagine that a teacher is directing a game in which the students 
have to hold hands tightly and skip around her in a very ordered circle. The teacher has a bag of 
candy. but the students can't interact with her "candy" because they are holding hands. The 
"candy" is analogous to the alkoxide, the teacher is analogous to the hydrocarbon groups; and the 
children are analogous to solvent molecules. Because the students are forced to interact (hold 
hands) with each other, they can't reach out for the candy. 
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10.2 Mechanism of Sulfonate Ester Formation 


As the text suggests, the formation of sulfonate esters is another nuclcophilic substitution reaction. 
The role of the pyridine is to form a small amount of the conjugate-base alkoxide ion of the 
alcohol. Removal of a proton also avoids the formation of free HCI and thus avoids strongly acidic 
conditions, under which some alcohols and tosylates are reactive. 


Sese metu 
- e EN - \ 4 


an alkoxide 
pyridine ion 


This alkoxide, acting as a nucleophile. displaces chloride ion from the sulfony] chloride in a 
nucleophilic substitution reaction to form the sulfonate ester. 


о 0 
РЕ | 2-8 - 
CET GT-R —- R—Ó—$—R + d 
0 o 
a sulfonyl chloride a sulfonate ester 


There is really nothing new in this mechanism; the only difference is that the sulfur of a sulfonyl 
chloride instead of the a-carbon of an alkyl halide is the electrophile. 


10.3 Symmetry Relationships Among Constitutionally Equivalent Groups 


In Sec. 6.1A. you learned that enantiomers are molecules that are noncongruent mirror images. 
You also learned in Sec. 6.1C that enanüomers lack certain symmetry elements, such as internal 
minor planes and centers of symmetry. The purpose of this Further Exploration is to show that the 
different types of constitutionally equivalent groups—homotopic. enantiotopic. and diastereotopic 
groups—can also be classified by their symmetry relationships. 

Homotopic groups are interchanged by a rotation of the molecule that gives an indistin- 
guishable structure. For example. rotation of the dichloromethane (methylene chloride) molecule 
180° about an axis (dashed line) bisecting the two C—C! (or the two C—H) bonds exchanges the 
hydrogens and the chlorines, yet leaves the molecule looking exactly as it did before the rotations: 


180 
a N с 
Но ^" Hg 
H H 


identical and 
indistinguishable 
structures 


Consequently, the hydrogens are homotopic, and the chlorines are also homotopic. (The 
hydragens of CH;CI are also homotopic, as shown in the text; demonstrate to yourself the rotation 
of this molecule that interchanges the three hydrogens while leaving the molecule invariant; see 
Eq. 10.60 on text p. 490.) 

Enantiotopic groups cannot be interchanged Бу such a rotation. For example, a rotation that 
interchanges the two enantiotopic a-protans of ethanol gives a molecule that looks different: 
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CH, № OH 

| | 
= C~ EA x ab. 
H H 


rotation gives a 
molecule that 
looks different 
That is, the CH, group is "up" before the rotation and the OH group is "down." However. after the 
rotation. these groups have changed positions. The second structure is not congruent to the first 
without turning it over again. 

Enantiotopic groups are related as object and mirror image by an internal mirror plane of the 
molecule. The internal mirror plane of the ethanol molecule contains the CH;, the OH. and the 
central carbon, and it bisects the angle between the two C—H bonds at the a-carbon. 


| З internal mirror plane 
internal mirror plane 
|! 


\ 
n OH 
| H- F ~ech, с> uf d H 
4 = Сн; 


The two hydrogens of ethanol are related as object and mirror image by this plane: hence. these 
two hydrogens are enantiotopic. Notice that two homotopic groups might also be related by an 
internal mirror plane. but in order to be homotopic, they must in addition be related by a rotation 
of the molecule as described above. Since a chiral molecule by definition cannot contain an 
internal mirror plane, it follows that a chiral structure cannot contain enantiotopic groups (but it 
can contain homotopic and diastereotopic groups!). 

Finally. diastercotopic protons have no symmetry relationship whatsoever. 


LU REACTION REVIEW 


|. ACID-BASE REACTIONS OF ALCOHOLS AND THIOLS 


A. FORMATION OF ALKOXIDES AND MERCAPTIDES 


һә 


Alkoxides can be formed from alcohols with stronger bases such as sodium hydride. NaH. which is а 


source of the hydride топ. H:~. 


R—OH + NaH ——» R—OGr + Na? + Н, 


Sodium metal reacts with an alcohol to afford a solution of the corresponding sodium alkoxide: the rate of 
this reaction depends strongly on the alcohol. 


2R—OH + 2Na ——» 2R—Q: Nat + Н, 
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3. Because thiols are much more acidic than water or alcohols. they. unlike alcohols. can be converted 
completely into their conjugate-base mercaptide anions hy reaction with one equivalent of hydroxide or 
alkoxide. 


R—SH + NaOH p> R—§ + Nat + HO 


4. Thiols form insoluble mercaptides (sulfides) with many heavy-metal ions, such as Hg^*. Cu^*, and РЬ“. 


2R— BH + Hg” wer R§—Hg—SR + Ho* 


(1. SUBSTITUTION AND ELIMINATION REACTIONS OF ALCOHOLS AND THEIR DERIVATIVES 


А. SUI FONATE ESTFRS AND INORGANIC ESTERS OF ALCOHOLS 
1. Sulfonate esters are derivatives of sulfonic acids, which are compounds of the form R—SQ,H. 
a. A sulfonate ester is a compound in which the acidic hydrogen of a sulfonic acid is replaced by an alkyl 
or агу! group. 


f f 
eO. Ole 
о О 


p-toluenesulfonic acid ethyl p-toluenesulfonate 
(ethyl tosylate) 
a sulfonate ester 


h. Sulfonate esters are prepared from alcohols and other sulfanic acid derivatives called sulfonyl chlorides. 


О [e] 
=< ll 2 Il d 
ЊО) 05—01 + CH;CH,OH + | —» НС S—OCH;CH, + | 
A 0 I хм Il SW 
О е) ; o 


p-toluenesulfonyl chloride 
a sulfonyl chloride 


i. This is a nucleophilic substitution reaction in which the oxygen of the alcohol displaces chloride ion 
from the tosyl chloride. (See Further Exploration 10.2 on p. 267 of this manual.) 
ii. The pyridine used as the solvent is a base; besides catalyzing the reaction, it also prevents HCI from 
forming in the reaction. 
2. Sulfonate esters have approximately the same reactivities as the corresponding alkyl bromides in 
substitution and elimination reactions. 
à. Sulfonate anions, like bromide ions, are good leaving groups. 
b. Sulfonate anions are weak bases; they are the conjugate bases of sulfonic acids, which are strong acids. 
3. Sulfonate esters prepared from primary and secondary alcohols. like the corresponding alkyl halides, 
undergo Sy2 reactions in which a sulfonate ion serves as the leaving group. 
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a nucleophile 


а tosy late ester p-toluenesulfonate 


(tosylate) anion 
(a weak base) 


4. Secondary and tertiary sulfonate esters. like the corresponding alkyl halides, also undergo E2 reactions with 
strong bases. 


8 base 
Base" 
Il {\\ / & a 
HC s-0- C, 2 HC $—@ + C=C + H—Base 
I с-н A 
/ N 
à tosylate ester p-toluenesulfonate 


(tosylate) anion 
(a weak basc) 


5 


Secondary and tertiary sulfonate esters, like the corresponding alkyl halides, also undergo Syl-El 
solvolysis reactions in polar protic solvents. 


à tosylate ester 


p-toluenesulfonate 
(tosylate) anion carbocation 
(a weak base) intermediate 
OR 
"4 ROH V 
EA = ES o. + C=C + ROH, 
C—H C= 
£N 7% 
carbocation solvalysis elimination 
intermediate (S41) product (E1) product 


B. PREPARATION OF PRIMARY ALKYL HALIDES 


1. Primary alkyl chlorides are best prepared from primary alcohols by the thionyl chloride method. 


soch 
CH (CH2),CH.OH жс CH3(CH2);CH;CI 
26 


2. Primary alkyl bromides are prepared from primary alcohols by the reaction of the alcohol with concentrated 
HBr or with Ph;PBr;. 
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НВг 
Ph, Pr 
CH,iCH,),CH,0OH — CH,(CH,})CH,Br 


Primary alkyl iodides are prepared from primary alcohols by the reaction of the alcohol with concentrated 
HI, which is often provided by mixing KI and HiPO,. 


PO, 
CH(CHj,CH,0H 9. снусн,)сни 


The sulfonate ester method works well for primary alkyl halides but requires two separate reactions: 
a. formation of the sulfonate ester 
b. reaction of the ester with halide ion. 


2 


RSO;CI X 
CH4CHj;CH;OH —— —e CH,(CH,),CH,OSO,R ———=  CH4(CH;CH;X 


a sulfonate ester 


Because all these methods have an Sy2 mechanism as their basis, alcohols with a significant amount of g- 
branching (that is, alkyl substituents at the f-position) will react more slowly or not at all. 


C. PREPARATION О! SLCONDARY ALKYL HALIDLS 


l. 


Secondary alkyl chlorides can be prepared from secondary alcohols by the thionyl chloride method if the 
secondary alcohol has relatively little P-branching. or hy the Ph,PCl, method for more hindered alcohols. 


SOCL or 


PPh;Cl; 
(CH;),CH—OH — —» (CH CH — CI 


Secondary alkyl bromides сап be prepared from alcohols by the PhaPBr; method even if the desired alkyl 
halide product has significant £-branching. 
OH Br 
| Ph PB | 
HaC — CH; — CH — СНз —— НС — СН, — CH — CH, 


Secondary alkyl halides can be prepared from secondary alcohols via the sulfonate ester, which should be 
weated with the appropriate halide ion in a polar aprotic solvent to avoid rearrangements. 


ie) 
CHSO,CI Il XLS 
Ho ar, oare 4c—$-o-( ar Came x= )-оњ 
ie) 


or DMSO 


D. PREPARATION OF TERTIARY ALKYI HALIDES 


Tertiary alkyl chlorides can be prepared from the corresponding tertiary alcohols by reaction with НСІ 
under mild conditions. 


CH; CH, 
| 4 
CH; CH; 


Tertiary alkyl bromides can be prepared from the corresponding tertiary alcohols by reaction with HBr 
under mild conditions. 
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CH, CH, 
H0—6—0H ane Br—C— Ch 
CH; CH, 


3. Tertiary sulfonates do not undergo S42 reactions. 


E. PREPARATION OF ALKENES 
1. Alkenes can be prepared by the acid-catalyzed dehydration of alcohols. 


H он H с 
і | HPO, N / 
CH, HC Ch; 


2. The equilibrium in this reaction is driven towards the alkene by removal of the volatile alkene, removal of 
water, or both. 

3. The relative rates of alcohol dehydration are in the order tertiary > secondary >> primary. 

4. Sulfonate esters readily undergo the E2 reaction with alkoxide bases instead of undergoing Sy2 reactions. 


о 

PhSO,C! ll Р K* (CH,);0" ái 

CHOH — —— CH;—O S актта 1 
о 


5. This reaction is especially useful 
a. when the acidic conditions of alcohol dehydration lead to rearrangements or other side reactions. 
b. for primary alcohols in which dehydration is not an option. 


IIl. OXIDATION OF ALCOHOLS AND THIOLS 


А. OXIDATION OF ALCOHOLS TO ALDEHYDES AND KETONES 
1. Primary and secondary alcohols are oxidized by reagents containing CAVI), that is, chromium in the +6 
oxidation state, to give carbonyl compounds (compounds containing the carbonyl group, С=О). 

a. Many forms of chromium are commonly used for these oxidations. including chromate ion (CrO,*>), 
dichromate ion (Cr;O;*). and chromic anhydride or chromium trioxide (CrO;). Specific reagents 
include chromic acid (H:CrO,) and sodium or potassium dichromate (Na;Cr;O; or K;Cr;O;). 

b. The a-carbon atom of an alcohol must bear a hydrogen atom for oxidation to an aldehyde or ketone to 
occur. 


c. Primary alcohols react with Cr(VI) reagents to give aldehydes, but if water is present. aldehydes are 
further oxidized to carboxylic acids. 


pyridine chiorochromate ? 
(PCC) 
снб, CH4(CH;), =_=с=— н 
hexanal 
CH.(CH;),CH;OH 
hexanol 9 
K;Cr;0; 
Н,50/н,0 CH;(CH;), —C—OH 


hexanoic acid 
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d. A complex prepared from CrO, pyridine. and НСІ, called pyridine chlorochromate (PCC), is often used 
as an anhydrous Cr( V1) preparation for the oxidation of primary alcohols to aldehydes. 
e. The general mechanism for these oxidations is E2-like (sce Eqs. 10.52-10.54, text p. 484). 
B. OXIDATION OF ALCOHOLS TO CARBOXYLIC ACIDS 


1. Primary alcohols can be oxidized to carboxylic acids using aqueous solutions of Cr( V1) such as aqucous 
potassium dichromate (КСО) in acid. 


K;Cr;O- 
CHOH a COH 


Primary alcohols can be oxidized to carboxylic acids with potassium permanganate (KMnO,) in basic 


һ 


salution. followed hy acidification. 


О 
KMnO, HO” H.O* | 
CH3(CH,),CH,OH ————> ———»  CH4CHj; — C— OH 
1-nonanol nonanoic acid 
a primary alcohol a carboxvlic acid 


3. Because KMnO, reacts with alkene double bonds. Crt VI) is preferred for the oxidation of alcohols that 
contain double or triple bonds. 
4. Potassium permanganate is not used for the oxidation of secondary alcohols to ketones because many 
ketones react further with the alkaline permanganate reagent. 
C. OXIDATION OI. THIOLS 


1. Oxidation of a thiol takes place not at the carbon. but at the sulfur. 
а. The most commonly occurring oxidation products of thiols are disulfides and sulfonic acids. 


П 
R—9-S—R R— 5 — OH 

Il 
general structurc of О 


a disulfide 
general structure of 
a sulfonic acid 


b. The Lewis structures of these derivatives require either violation of the octet rule or separation of 
formal charge. 


cor Л 


29 € m 
R—S—QH =» R—$—QH 
< 
:0: :O: 
c. Sulfur can accommodate more than cight valence electrons because, in addition to its 3s and 3» orbitals, 


it has unfilled 3d orbitals of relatively low energy. 
d. The same oxidation-number formalism used for carbon can be applied to oxidation at sulfur. 
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2. Sulfonic acids are formed by vigorous oxidation of thiols or disulfides with KMnO; or nitric acid (HNO). 


HNO; 
CF3;SH —SS CH3S03H 


methanethiol methanesulfonic acid 


3. Many thiols spontaneously oxidize to disulfides merely on standing in air (O3). 
4. Thiols can also be converted into disulfides by mild oxidants such as I, in base or Вг» in СС. 
a. These reactions can be viewed as a series of Sy2 reactions in which halogen and sulfur are the 
electrophiles that react with nucleophilic thiolates anions. 


“OH x (A н.с — S7 
HC — S —H La" НС — 5 am НС 9—1 “= HC—S—S—CH; 


methanethiol methyl disulfide 


b. When thiols and disulfides are present together in the same solution, an equilibrium among them is 
rapidly established. 


CH;SH + CH;CH,S—SCH,CH, == CH,CH,SH + CH,;S—SCH,CH, 


methanethiol diethyl disulfide ethanethiol ethyl methyl disulfide 


10.1 


10.2 


10.3 


10.4 


10.5 
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SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


(a) (b) (c) 
Na’ OCH(CH;), K* OC(CH;); / сњ 3" 
sodium isopropoxide potassium ferf-butoxide Mg/* | OCH,CCH,CH, 
| | | 
CH 7 
magnesium 2,2-dimcthvI-1-hutanolate 

(a) Calcium methoxide or calcium methanolate 

(b) Сиргоиѕ ethanethiolate [or copper(I) ethanethiolate] 

(a) Тһе principle is that the polar effect of a chloro substituent enhances acidity: the effect is greater when 
more chloro substituents are present. and the effect diminishes as the chloro group is separated from the 
hydroxy group by more carbons. Thus. 3-chloro- I-propanol. CICH,CH,CH.1—OH. is least acidic and 
has the greatest pK; 2-chloroethanol. CICH;CH;—0OH, is more acidic: and 2,2-dichloroethanol, 
CI,CHCH;—OH, is most acidic and has the lowest pK.. 

(b)  Thiols are more acidic than alcohols, other things being equal (element effect); and a chloro substituent 
enhances acidity by a polar cffect. Thus, ethanol (CH3CH3OH) is lcast acidic and has the greatest pK, 
2-chloroethanol is more acidic: and 2-chloroethanethiol, CICH;CH4—SH, is most acidic and has the 
lawest pK,. 

(c) — An alkoxy group enhances acidity because the polar effect of the electronegative oxygen. Thus, | -bu- 
tanol. СН;СН.СН-СН.ОН, is least acidic and has the greatest pX,: and 2-methoxyethanol. 
CH;OCH;CH;OH. is most acidic and has the lowest pK,. 

(a) 


(b) 


CH; CH, ave 


| | 
CH3CH = CCH;CH;CH;CH; $ CH4CH;C = CHCH;CH;CH; + CH3CH;CCH;CH;CH;CH; 


A B C 
(E and Z) (E and Z) 


The major. £-alkene is shown below. The Z-alkene is a minor product (why?). 
Ph H 
x / 
С=с 
/ \ 
H Ph 


The OH group of the alcohol is protonated in a Brensted acid-base reaction to form the conjugate acid of the 
alcohol. This loses water to form a carbocation in a Lewis acid-base dissociation reaction. Finally. in a 
Bronsted acid-base reaction, waler acts as a Bronsted base to remove a В-ргогоп from the carbocation, which 
acts as a Bronsted acid, to give the alkene. The formation of product А by removal of proton (a) is shown here; 
the formation of products В and C occurs in an analogous manner by removal of B-protons (b) and (c), 
respectively. 
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10.6 


10.7 


10.8 
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CH, CH, CH, 
| | 
CH,CH,CCH,CH,CH,CH, —E CH3CH;CCH;CH;CH;CH; = CH4CH;CCH;CH;CH;CH; 


| | И " 
CN S:0H, + :0H; + :0H; 


CH, 4%) (я 
CH,CH-,-CCH;CH;CH;CH, ——= CH,CH=CCH,CH,CH,CH; + H—OH, 
d ic) 


Н fa) A 


s :ÜH, 


The carbocation intermediate in the dehydration of 3-ethyl-3-pentanol is derived by protonation of the OH 
group and loss of water: 


CH,CH; Quem ен; 
CH,CH,CCH,CH, а= СН,СН,ССН,СН; === CH,CH,CCH,CH, + :0н, 
| " + 


НОН, 
3-cthyl-3-pentanol К 


The E isomers of A and B will predominate over the Z isomers because the £ isomers are considerably more 
stable. Because alkenes А and B have morc alkyl substituents at the double bond than C, the E isomers of A and 
B will be formed in greater amount than alkene C. (Recall that the El reaction. of which dehydration is an 
example. gives the most stable alkene isomers.) 


(a) I-Methylcyclohexanol and either cis- or trans-2-methylcyclohexanol should give 1-methylcyclohexene 
as the major product of dehydration. because this is the most stable alkene that could he formed in each 
case. The tertiary alcohol 1-methylcyclohexanol should react most rapidly because it involves a tertiary 
carbocation intermediate: dehydrations of the 2-methylcyclohexanols involve a less stable secondary 
carbocation intermediate (which would probably rearrange 10 a tertiary carbocation). 


CH, 
OH 


CH 
1-methylceyclohexanol но? CY 3 
OH 
CX I-methylcyclohexene 
CH; 


2-methylevclohexanol 


(b) Both 3-methyl-3-pentanol and 3-methyl-2-pentanol should give 3-methyl-2-pentene as the major 
product. The tertiary alcohol 3-methyl-3-pentanol should dehydrate more rapidly. 
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ч 
нен ri 
OH CH, 
3-methy1-3-pentanol H,0* | 
| CH,CH = Ссн;Сн; 
CH; 3-methyl-2-pentene 
| 
CH,CHCHCH;CH; 


OH 


3-methy!-2-pentanol 


Protonation of the OH group and loss of water as shown in several of the previous solutions. as well as in Eqs. 
10). 13a—h on p. 458-9 of the text. gives a secondary carbocation. As the text discussion of Eq. 10.16 suggests. 
the mechanism involves a rearrangement of the initially formed secondary carbocation to a more stable tertiary 
carbocation. 


H, сн, 
Hic—¢ —6CH—CH, —> Hc—C йе — сн, 
CH; CH, 
initially formed rearranged 
secondary carbocation tertiary carbocation 


Loss of the two possible f3-protoas gives the two alkene products. 


{Al {В 


HO; ^H, CH, H^ ӧн, Сн; HC, Сн, 
were Xe eH, — = "m —CH—CH, + c — c + HÖ FH 
a m нс ‘CH, 
2.3-dimethyl-1-butene 23-dimethyl-2-butene 
A B 


(a) The Bronsted acid present in highest concentration in methanol is the conjugate acid of methanol: 
CH,OH + н50, ==> CH,OH,  HSO; 
pk, =-3 рК, = -2 
The relative pK, values show that the protonation of methanol is favorable and has K,, = 10. 


(b) Ifa base is involved. it must be methanol itself, ог, to a very small extent, bisulfate ion. The hase is лог 
sodium methoxide. Na* CH4,O . Sodium methoxide would be protonated instantaneously under the acidic 
reaction conditions. 


(a) (b) 


OH Br OH Ci 
| | + HCI (concd.) —> < 
CH,CHCH,CH, + НВг ——» CH;CHCH;CH; CH; CH; 
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(c) 
HO — CH;CH;CH;CH;CH;— OH + Hl(concd. ——» | — CH;CH;CH;CH;CH;— I 


Because concentrated НІ solutions are not very stable. "concentrated HI" is usually formed by 
=> combining potassium iodide (KI) or sodium iodide (Nal) and phosphoric acid. 


10.12 This reaction involves a carbocation rearrangement. We use HBr as the acid, although. because water is 
generated as a product, Н.О“ could also be used. 


сњ сњ сњ 
HiC— C— CHCH;CH, @=— НСС — CHCH;CH; —> H,C—C—CHCH,CH, :Br —= 
H :OH H— Br: H "OH, :Br: H n H;O: 
CH; CH; 
| 
HC — C — CH;CH;CH, — HC — C — CH;CH;CH; 
Жо ште | 
\ :Br: :Вг: 
10.13 (a) 
CH4CH;CH; — Br 


I-hromopropanc 
(b) Тһе product is I—CH;CH;CH;—1 


(c) The product in part (c) results from a carbocation rearrangement. 
Br 


| 
(СНз) С— CH(CH3); 


2-bromo-2.3-dimethylbutane 
(d) Тһе compound. neopenty! alcohol, is a primary alkyl halide and cannot react by the Syl mechanism: and 
it has too many f-substituents to react by the Sy2 mechanism. Consequently. there is no reaction. 


10.14 (а) (b) 
i i 
| 
(CH,),CH — OSCH; HaC ^9 CH; 
I 
о о 
isopropyl methanesulfonate methyl p-toluenesulfonate 
(isopropyl mesylate (methyl tosylate) 
(c) (d) 
O O 
| | 
0$ CH, i ii 
| | 
phenyl tosylate cyclohexyl mesylate 
(pheayl p-tolucnesulfonate) (cyclohexyl methanesulfonate) 
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b ou | 
| 
о (0) 


cyclohexanol 
methanesulfonyl cyclohexyl mesylate 


chloride 


but do not necessarily show by-products and do not necessarily balance the reactior. For 


М7 Remember that when we outline a synthesis we provide key starting materials and products, 


10.15 

10.16 (а) 
(b) 

10.17 (a) 


(b) 


example. by-products are missing in the previous solution. This is acceptable as long as the 
request is for a synthesis rather than for a balanced reaction. 


(CH3; CHCH;CH;CH;OH TCL руге „ (СН;);СНСН,СН,СН;ОТ5 AE (CH3; CHCH;CH;CH;I 
solvent 


[))—сноңсңон > [senos Nat “tine _ 
+ Н; 
[_})—оңоңесңов MoH т (C) eno cisco 


Although a polar aprotic solvent would accelerate the last step. it would probably work in an alcohol 
solvent. The nucleophile. CH4S . can be generated by allowing the thiol] CH,—SH to react with one 
equivalent of sodium ethoxide in ethanol. 
Cyanide ion displaces the tosylate ester formed in the first step. 

н 
CH,CHCH,CH, 


The triflate ester formed in the first step is displaced by the fluonde ion. The nucleophilicity of fluoride 
jon is increased by complexation of the counter-ion K+ with [18]-crown-6, and by the use of acetonitrile. 
a polar aprotic solvent. 


F 


E ЧЕРТИ 


3-fluorohexane 
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(а) (b) 
о (0) 
| | 
PL n. 
CH0% | “осн, CH;CH,0~ | “он 
OCH, OH 
trimethyl phosphate monoethyl phosphate 
(a) (b) 
О 
А _| à 
HaC — NH; — CH OSOCH; j 
б CHOH + Na* "OSOCH, 
| 
dimethylammonium mcethylsulfate methanol ге 
(с) (9) 
[| [| 
CH;CH,OCH; + Na* "0SOCH, CH;CH,CH,SCH; + Na* "OSOCH; 
| 
cthy1 methyl ether I methyl propyl sulfide 


1-Butanol can be converted into | -bromobutane by treating it with triphenylphosphine dibromide (Ph;PBr;). 
(See Eq. 10.35—10.36b on text р. 471.) 1-Butanol can also be converted into |-bromobutane by first converting 
it into a sulfonate ester such as butyl tosylate, then treating that ester with sodium bromide in a polar aprotic 
solvent such as DMSO. Finally. and perhaps most simply. 1-butanol can be converted into I-bromobutane by 
treatment with concentrated HBr and H;SO,. 


Ph,PBr, 
| 1) ТС pyndine | 
CH,CH,CH,CH;OH сво CHCH,CH,CH;Br 
I-hutanal | сопой HBr ASQ, _ | I-hromohutane 


(a) Eq. 10.34 of the text shows that the nucleophilic reaction of the chloride ion on the chlorosulfite ester is 
an S42 reaction; consequently. it should take place with inversion. It follows that the product should be 
the А enantiomer of CH1CH;CH;CHD—CI. 

(b) Eqs. 10.36a and 10.36b of the text shows that the nucleophilic reaction of the bromide ion on the reactive 
intermediate occurs by a concerted (52) substitution reaction. Therefore. the reaction should occur with 
inversion of stereochemisiry, and the product would then be (S)-2-bromopentane. The S2 reaction 
occurs at an acceptable rate on a secondary carbon in the absence of B substituents. In addition, the 
reaction is fast because the leaving group is a very weak base. 


We can predict the structure of an acy! phospate by inspecting the structures shown in the text. An acyl 


chloride, shown in the problem, contains a chloride, so the rest of the compound must be an acyl group. The 
phosphate group is shown on p. 472. Combining the two gives us ап acyl phosphate. 


an acyl phosphate 


10.23 


10.24 
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Magnesium binding as shown in Eq. 10.38 (or alternatively. hydrogen bonding provided by the enzyme) can 
stabilize the negative charges on the oxygen. Presumably the bond between the carbon and the oxygen is also 
stretched, weakening it, making the phosphate group a very good leaving group. 


(b) 


(c) 


(d) 


sb Me 2+ 

weakened bond, Mo “Tee 

making C more Н 
electrophilic 


Because the alcohol groups are primary, concentrated HBr/H»SO, will bring about the desired reaction. 
Treatment with PPh;Br; will also work. 

The simplest method for effecting the conversion shown is (о treat the alcohol with thionyl chloride and 
pyridine. Conversion of the alcohol to a sulfonate ester and treatment of the ester with sodium chloride in 
a polar aprotic solvent would also work, but involves more steps. 

The alcohol reacts with HBr to give a carbocation intermediate that rearranges. However. this is precisely 
the reaction desired: reaction of the rearranged carbocation with bromide ion gives the desired product. 
(See Study Problem 10.1 on text p. 461.) 


Because a carbocation intermediate and hence rearrangements are a distinct possibility if this alcohol is 
exposed to acidic reagents such as НВг, the sulfonate ester method should be used. Thus. treat the 
alcohol with tosyl chloride and pyridine. and treat the resulting tosylate with sodium bromide in a polar 
aprotic solvent. This type of solvent suppresses carbocation formation. Alternatively, PPhiBr, gives 
similar results. 


2-Propanol. cyclapentanal, and cyclohexanol are three secondary alcohols (among others) that could he 
converted into the corresponding alkyl bromides without rearrangements. If hydride shifts occur within a 
carbocation intermediate derived from these alcohols, the same carbocation would be formed. 


(a) 


(h) 


(CH3),CH — OH (o .z OH 


2-propaaol 
cyclopentanal cyclohexanol 


Treatment with HBr/H,SO, would protonate the OH group. converting it into a good leaving group. A 
secondary carbocation is produced, which would then rearrange via a hydride shift to a more stable 
tertiary carbocation. The S41 reacüon would conclude by attack of the bromide at the positive center. 
leaving the rearranged product 2-bromo-2-methylpentane. (See answer 10.12 in this manual.) 


Treating secondary alcohols with triphenylphoshine dibromide also converts the OH group into a gaad 
leaving group, but not one that is as prone to leave on its own though an Syl mechanism. Instead. the 
bromide displaces the leaving group through an 542 mechanism, producing the unrearranged 3-bromo-2- 
methylpentane. 
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бн; CH; CH, сп 
WE 
H.C—C— CHCH,CH, — 9 H;C—C—CHCH,CH; ж== H;C—C—CHCH,CH, + НВг —= 
| 


ГУ 


H :0н H cu —PPh; Br” Tr 
: t| 2 2 — r 20 — 

=O PhP Br: Br < "e “ ? 

ae H Br 

V" о 


H,C—C— CHCH;CH, + 76—PPh, 
I al я 
H :Вг: 
3-bromo-2-mcethylpentanc 


(a) Тһе bromination of methane to give methyl bromide is a two-electron oxidation. 

(b) Тһе conversion of toluene into benzoic acid is a six-electron oxidation. 

(c) The conversion of an alkyl iodide into an alkane is a two-electron reduction. 

(d) The dihydroxylation of an alkene by КМпО is a two-electron oxidation. 

(е) The ozonolysis of 2-methyl-2-butene is a six-electron oxidation. Notice that both carbons of the double 
bond must be considered, even though the molecule is "split in two" as a result of the reaction. 

(f) The addition of HBr to an alkene is neither an oxidation nor a reduction. (One carbon of the alkene is 
formally oxidized and the other is reduced by the same amount.) 

(g) This is a two-electron reduction; the negative charge contributes -1 to the oxidation number of the 
product. 


The half-reaction of Problem 10.26, part (b): 
О 


| 
29,0 + Ph—CH, ——» Ph—Ĉ—OH + 6e + 6Н* 


Electrons are "lost" in this half-reaction. This observation is consistent with the classification of this reaction in 
the solution to Problem 10.26(b) as an oxidation. To complete the sentence, “This reaction is a six-electron 
oxidation." 


(a) The alkene is reduced, and the H; is oxidized. 

(b) The organic compound is reduced, and the AlH, is oxidized. 
(c) The alkene is oxidized. and the Br; is reduced. 

(d) The organic compound is oxidized. and oxygen is reduced. 


The "glib" way to work this problem is to balance the changes in oxidation states of the oxidizing agent and the 
organic compound. The manganese is reduced from Mn(VII) to МАТУ); this is a three-clectron reduction. 
Toluene undergoes a six-electron oxidation. Therefore. it will take two equivalents of МпО { to oxidize one 
equivalent of toluene. or two moles of MnO, per mole of toluene, to reconcile the electrons lost and the 
electrons gained. 

Let's now prove that this works by balancing the equations, multiplying the lower one by 2 so that the 
"free" electrons cancel, and adding the two, canceling H»O and H*: 


290 + PhCH; ——» PhCO,H + бе” + 6H* 
multiply by2 —= 8 294 6 2 4 
= «Н? + MnO, + A& ——» MnO, + 2H,0 
PhCH, + 2MnO, + 2H* ——» PhCO.H + 2Mn0, + 2H,0 


As this shows. and as we deduced above, two permanganates are required per mole of toluene for this oxidation. 
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10.30 (a)  Onthe assumption that sufficient PCC has been added. both primary alcohols are oxidized: 


но — CH;CH,CH,— он == O=CHCH,CH=O 


(b) Only the primary alcohol is oxidized: 
CH;CH;OH / CH;CH =0 


HC HC 
OH Он 


10.31 (а) Тһе carboxylic acid could be prepared from (СН)-СНСН.„СН.СН.›СН.ОН (5-methyl-1-hexanol) by 
oxidation either with aqueous chromic acid [or any other form of aqueous Cr(VI)]. or with aqueous 
potassium permanganate followed by acid. 


(b) This compound (3-pentanone) can be prepared Бу a PCC oxidation of the corresponding alcohol, 
3-pentanol. (Aqueous dichromate could also hc used.) 


OH O 
РСС | 
CH4CH;CHCH;CH, Тн" CH4CH;CCH;CH, 
3-pentanol 3-pentanone 


(c) The aldehyde can be prepared from S-methyl-I.5-hexanediol by the PCC oxidation or other variation 
nonaqueous oxidation with Cr(VI). 


OH OH 
| 
CH,CCH,CH,CH,CH,0H —— CH;CCH;CH;CH;CH =0 
| 
CH, CH; 
S-methyl-1,5-hexanediol 5-methyl-5-hydroxyhexanal 


(d) This aldehyde can be prepared by a PCC oxidation of the corresponding alcohol. 


Lc [=o 


10.32 This oxidation occurs in much the same way that NAD* oxidations occur: by transfer of a hydride from the 
alcohol to the carbocation. (Notice that it is a Aydride (a hydrogen with two electrons). not a proton, that is 
transferred.) 


Lr F4 et — 
"d с: —н *O+H  F-BF, 
"| | 
CH4CCH;CH;CH;CH;CH, ———— CHiCCH;CH;CH;CH;CH; -«—» CH4CCH;CH;CH;CH;CH; | ——— 
o + H—CPh 
CPh, ВЕ, 
:0: 


HE CH4CCH;CH;CH;CH;CH; + BF, 


10.33 (a)  Hydrogens a and b are constitutionally equivalent and enantiotopic. (The analysis of this case is 
essentially identical to the analysis of the a-hydrogens of ethanol: see Eq. 10.61. text p. 490.) 
(b)  Thetwo methyl groups a and b are constitutionally equivalent and diastereotopic. The pair of methyl 
groups a and c are constitutionally nonequivalent, as are the pair b and c. 
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(c) 
(d) 


(e) 


(f) 


(a) 


(b) 


(a) 


(b) 


(a) 


When investigating the stereochemica! relationships among several groups. the appropriate 
technique is to consider each pair. Thus. three relationships must be categorized within threc 
groups (although it is possible that some relationships might be the same.) Here's an 
amusing little puzzle that uses the same sort of reasoning. Man A looks at a picture and 
comments about the person В in the picture, saying. "Brothers and sisters have I none: this 
man's father is my father's son.” What is the relationship between A and В? 

The two fluorines are constitutionally equivalent and diastereotopic. 

Hydrogens a and b within a particular chair conformation are constitutionally equivalent and 
diastereotopic. However, the chair interconversion interchanges the positions of these two hydragens and 
makes them completely equivalent. that is, homotopic. over rime. 

Replacing H^ and H^ in turn with a “circled Н” shows that these hydrogens are constitutionally 
equivalent and cnuntiotopic. as are Hf and H“. Н“ and Н“ arc constitutionally equivalent and homotopic, 
as are H^ and H“. Finally, H^ and Н“ are constitutionally equivalent and homotopic, as are H^ and Н“. 
Carbon-2 and carbon-4 are constitutionally equivalent and enantiotopic. Hydrogens a and d are 
constitutionally equivalent and diastereotopic. as are hydrogens b and c. Hydrogens a and с are 
constitutionally equivalent and enantiotopic. as are hydrogens b and d. Finally. hydrogens a and b are 
constitutionally equivalent and diastereatopic, as are hydrogens c and d. 

These relationships are best seen with substitution tests—one for each pair. For example. the substitution 


test for carbons 2 and 4 shows that the two molecules formed by circling each carbon in turn are 
enantiomers; therefore. these carbons are enantiotopic. 


HO, fon но, yon 
HOC. „С. сон нос. С. _COH 
^ C Р е^ - C Е `C : 
M. a у £\ 
H He H H^ н н: [ТЫ HI 


| passes] — 


In both. the hydrogen (or deuterium) is delivered from the pro-( R) position on NADH (the "up" position 
when NADH is drawn as it is in the problem) so that it ends up in the pro-(R) position of deuterated 
ethanol. In part (a), the resulting isotopically substituted ethanol is chiral. 


(S)-ethanol-1-d 


Because deuterium is delivered, the a-carbon of the resulting ethanol bears two deuteriums— that is, the 
product is CH,CD,OH—and it therefore has no asymmetric carbon: hence. the molecule is achiral. 


In a thiol, the oxidation number of sulfur is —1: in a sulfonic acid. it is +5; hence. the change in oxidation 
number is +6. The oxidation of a thiol to a sulfonic acid is a 6-electron oxidation. (This can be verified 
by writing a balanced half-reaction.) 

This is a 2-clectron oxidation, because a hydrogen (which contributes -1 to the oxidation number of 
sulfur) is replaced by an OH (which contributes +1). 


Following the methodology in Sec. 10.6A on p. 495, first write the half reaction. Then. balance the 


oxygens with water. the hydrogens with protons, and finally the positive charges with electrons. The 
reaction is a two electron oxidation. 
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10.37 


10.38 


PhP: + ЊО —» PhP=O + 2H* + 2c 
(b) 


(c) А resonance structure containing a N-O double bond is not possible because nitrogen cannot violate the 
octet rule. In trimethylphosphene oxide, however, a resonance structure containing a double bond is 
possible because phosphorous possesses d orbitals that can accommodate additional electrons. 


iE :0: :бї 
Me — Р”—Ме «——» Me— P—Me Me— M Me 
Me Me 
P-O bond has partial double N-O bond has no 
bond character double bond charucter 


The reaction is a nucleophilic substitution in which one sulfur acts as a nucleophile toward another sulfur. 
which acts as an electrophile. Because a thiolate is a much better nucleophile than a thiol—thiolates are much 
more basic than neutral thiols—a thiolate serves as the nucleophile in this reaction. A base is required to form 
the thiolate anion. The reaction is faster in the presence of base because the reaction rate depends on the 
nucleophile concentration. and base increases the concentration of the nucleophile. 


CH;CHS—H — :OCH;CH, === CHCH + H—QOCH,CH, 


WE. DR N А = 
CH,CH.S: $-ScH,CH,CH, — CH,CH;5 — SCH;CH;CH; 55 3SCH;CH;CH; 
| 
CH;CH;CH, 


(a) 2-Methy]-3-pentanol can be prepared by hydroboration-oxidation of 2-methyl-2-pentene. which can be 
prepared by dehydration of 2-methyl-2-pentano]: 


OH 1) BH, THF OH 
CH;CCH,CH,CH, -"S95 CH,C—CHCH,CH, 2-90 9H, CH:CHCHCH,CH; 

| | 

Сн, Сн, Сн; 
2-methyl-2-pentanol 2-methyl-2-pentene 2-methyl-3-pentanol 


(b) Тһе deuterium-containing alkane can be prepared by protonolysis of a Grignard reagent in 00: the 
Grignard reagent can be prepared fram an alkyl halide: and the alkyl halide can he prepared from an 
alcohol. 


CH,(CH,),CH,OH "> CHACH) CHBr — > CH,(CH,),CH,MgBr — P CH,(CH,),CH)—D 


(c) Тһе carboxylic acid can be prepared by oxidation of a primary alcohol, which, in turn, can be prepared 
from the alkene starting material by hydroboration-oxidation. 
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= 1) By, THE aes 1) KMNO NaOH 


^ - ^ * x 
2) КО, -OH 4,0 ( 
( = CH, AL, ( y CH;OH NL. Tam CO;H 
К. y V. y X 
methylenccyclohexane cyclohexylmethanol cyclohexanecarhovylic acid 


(d) The aldehyde can be prepared by oxidation of a primary alcohol: the required primary alcohol can be 
prepared by hydroboration-oxidation of an alkene; and the required alkene can be prepared by an E2 
reaction of a primary alkyl halide using a branched basc. 


1) BH,, THF 
K’ (CH,),CO™ 2) н,0, “OH 
кр ты “ООН T Сњенгна =CH, te 
CH, CH, 


CH,CH,CH,CHCH,OH ———> CH,CH,CH,CHCH— O 
| 


CH, CH, 
Solutions to Additional Problems 
10.39 (а) (b) (c) (d) 
CH;CH;CH;CH;Br CH4CH;CH;CH;OH; CH4CH;CH;CH— о CH,CH,CH,CH,0- Na* 
HSO; + H 
(e) (D (g) " (h) 
CH4CH;CH;CH,OCH, CH4CH;CH;CH;OTS CH;CH;CH;CH;O MgBr CH4CH;CH;CH;CI 
Na* г + (NH cr + CHyCH,CH, + 50, + C NH CF 
(i) 0) (k) 
CH4CH;CH;CH;Br CH4CH;CH;CH;MgBr CH4CH;CH — CH; T CH4CH;CH;CH;OC(CH4), 
+ (CH,);COH + к? Br (small amount) 
(1) (т) 
i | i 
CH;CH,CH,CH,—OSCF, + C NH OSCF, CH;CH,CH,CH,F + K*"OSCF, 
| | ] 
0 0 
10.40 (a) (b) (c) (d) (e) 
(CH3,CCI no reaction (CH3;C = CH; no reaction (CH,),CO™ K* 
d (g) (h) 


(CH;);COMs + (Мн сг (CH);C—CH; + Na* “OMs (CH,),C=CH, + K* CF 
+ (CH,);COH 
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(a) 
OH 


| | 
CH,CH,CCH,CH, 6800 „ Сн С.с CHCH; 
| П 


CH;CH, CH;CH; 
3-ethyl-3-pentanol 3-ethyl-2-pentene 
(b) 
н 10, 
H;SO, M 2! (Сн у);5 
PhCHCH;Ph —————» PhCH=CHPh —————» 2PhCH—0O 
1.2-diphenylcthanol stilbene benzaldchyde 
(mostly trans) 
(c) 
CH; 1) KMnO NaOH Сн, 90, Сн; CH; 
дно" | _ BOs HO | | 
2-meths1-1-butanol 3.6-dimethyl-4-octene 


This is a triester of 1,2.3-propanetriol (glycerol) and nitric acid, known by its traditional name of nitroglycerin. 
It is derived from glycerol (a triol) and nitric acid: 


OH OH OH ONO, ONO, ONO, 


| 
CH;— CH— CH; sb HONO; —>» CH;— CH = Ch, 


1,2,3-propanetriol nitric acid glyceryl trinitrate 
(nitrogylcerin) 
In the following answers. chemically equivalent items have the same letter. 


(a) In this compound. l.[,1.2.2-pentafluoroethane. fluorines a are constitutionally equivalent and homotopic; 
fluorines b are constitutionally equivalent and enantiotopic; fluorines a are constitutionally nonequivalent 
to fluorines b. 


F* F? 
Los] 
F'^-C—C—H 
М 
Fe f° 


(b)  Fluorines a are constitutionally equivalent and diastereotopic; fluorines a are constitutionally 
nonequivalent to fluorine 5. 


Fe Fè 
\ 
C=C 
7 
Fe CH; 


(c) Fluorines a are constitutionally equivalent and diastereotopic: fluorines a are constitutionally 
noncquivalent to fluorine 5. 


igs 
F* CH; 
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10.44 (a) (6) 
a b t 
CH4CH; H 
\ d 
5 =» Н Br 
H CH;CH; сно —C — CH" 
t b^ s | 
с 
three chemically Ha 
nonequivalent four chemically 
sels of Hs nonequivalent 
sets of Hs 
(c) (d) 
b Qc 
H* i" H н 
HO cl 
н“ cH H’ H° H сне HHS 
He A CI : У 
HH H;C о о CH: 
five chemically five chemically 
nonequivalent nonequivalent 
seis of Hs sets of Hs 


10.45 Protonation of the —OH group. a Lewis acid-base dissociation reaction to form a carbocation, and a Lewis 
acid-base association reaction of isotopically labeled water with this carbocation are the key steps in this 
mechanism. CO represents '*O.) 


иН, фн Н 
(CH),C— бн === (снус-С0н === (CHjc :0H, === 
* :бн, :бн, 
H^ 108 
:0H, + (CH).C OH === (CH);C—OH + H—On, 


10.46 (a)  Terr-butyl alcohol < isopropy! alcohol < propyl alcohol < 1-propanethiol. Alcohols with a greater degree 
of alkyl substitution near the OH group are less acidic because their conjugate bases are more poorly 
solvated; and thiols are substantially more acidic than alcohols (element effect). 

(b)  2-Chloroethanol < 3-chloro- | -propanethiol < 2-chloro-1-propancthiol. Thiols are more acidic than 
alcohols (element effect). 2-Chloro- 1 -propanethio! is the more acidic thiol because the electronegative 
chlorine is closer to the site of negative charge in the conjugate-base thiolate anion (polar effect). 

(c) | CHiNHCH;CH;CH:OH < CH,NHCH;CH;OH < (CH4)N*CH;CH;OH. The last compound is most 
acidic hecause it has a full-fledged positive charge that stabilizes a negative charge in the conjugate-base 
anion. In the other two compounds. the nitrogen stabilizes the conjugate-base anion by its electron- 
withdrawing polar effect: in the more acidic of these compounds, the nitrogen is closer to the oxygen. 
which is the site of negative charge in the conjugate-base alkoxide anion (polar effect). 

(d) | O—CH;CH,—OH < CH,CH;CH;—OH < CH,O—CH:CH,—OH < CHi0O—CH;CH;—OH;'. The 
protonated alcohol is the most acidic because it has an oxygen with a full positive charge. 2- 
Methoxyethanol is most acidic because of the electron- withdrawing polar effect of the oxygen. The anion 
is least acidic because the negative charge on the oxygen interacts repulsively with a second negativc 
charge formed on ionization of the O—11 group: 
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(e) 


(a) 


(Б) 


(а) 
(b) 
(c) 
(d) 
(e) 


(a) 


(b) 
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repulsive interaction 
of two negative charges 
is destabilizing 
— — I 
"Te | | 
“O—CH,CH,—O—H SRE 70 —CH CH, —07 
Relative to the acidity of ethanol, the acidity of the protonated ether is enhanced by the charge effect: and 
the acidity of the protonated sulfide is enhanced by both the charge effect and the element effect. The 
order of increasing acidity is 


| | 
CH,CH;ÓH < CH.CHOCH;CH, < CH;SCH, 


This exchange occurs essentially through a series of Brensted acid-base reactions. As shown helow, 
once the deuterium is incorporated into the solvent. it is significantly diluted. so that its probability of 
reaction with the alkoxide is very small. In addition, such a reaction is retarded by a significant primary 
deuterium isotope effect and competes less effectively with the corresponding reaction of water 


m— D 76H > CH,CH;CH;O: ats D— ÖH 


becomes diluted 
into the solvent H,O 


га 2 N T "T 
CHCHCHÓ: HÖH «== CH,CH,CHO—H + 76H 


To prepare CH4CH;CH;—OD from CH;CH;CH;—9OH. use the same reaction with D,O/NaOD as the 
solvent. 


Neither an oxidation nor a reduction. An internal oxidation—reduction has occurred. but there is no лег 
oxidation or reduction. 

This reaction is a two-electron reduction. 

This reaction is a two-electron oxidation. 

This reaction is a two-electron oxidation. 

"This reaction is neither an oxidation nor a reduction: it is a simple ionization. 


We have ta use a method that involves one inversian of configuration. Thus. we convert the alcohol to a 
tosylate; this reaction does not affect the C—O bond. Then we displace the tosylate with inversion using 
isotopic “OH (that is, О!#—Н: the isotopic oxygen is indicated by an asterisk: %0.) 


D D D 
ову! chloride, | ds | 
Hefe oy e „ Hope HSH 
CH.ÓH, CH,ÓH, CH;CH; 


In this case, convert the alcohol into a bromide using a method that involves an inversion of 
configuration. (Either PBr; or the two-step alcohol — tosylate - alkyl bromide sequence shown below 
will work.) Then. in a second inversion step, displace the bromide with O'—H to provide the alcohol 
with the desired configuration. 
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==. | second inversion | 
0 


| Na* Br D 
CH,CH; CH;CH; CH,CH; 
from part (a) 


10.50 (a) To introduce a deuterium we need to start with a Grignard reagent. which, in tum, requires an alkyl 
bromide. Alkyl bromides сая be prepared from tertiary alcohols with concentrated НВг. but only after we 
move the —OH group from carbon- 1 to carbon-2 via the alkene. 

ү" Teci. CH; CH, 
рупбое сус 
HO— CH,CHCH,CH,CH, ——> Ts0— CH;CHCH;CH;CH; edite H;C = CCH;CH;CH; — 


2-methyl-I-pentanol 


CH; CH, CH, 
| " | T | 
МОИ E ag CH3CCH;CH;CH; =ч CH4CCH;CH;CH; 
| | 


Br MgBr D 
(b) 
1) KMnO,/NaOH 
2) H;0* | 
CHCH OH 6, CH;CO;H 
from part (c) 


(c) Aldehydes are prepared by oxidation of primary alcohols: hydroboration-oxidation provides the required 
alcohol from the alkene. 


1) BH, THF 


[Jonon 28 [_)—сңоңон 2 22. ӨЕ о 


id) In this part, we have to “throw away" a carbon: ozonolysis comes to mind: 
1) О, 


Су-е cy, — RAD. C> COH 


(c) In this question. stereochemistry is important. The product is a racemic mixture of the cis isomers. We 
can make bromides from the corresponding alcohols. in this case the non-Markovnikov alcohol. 
Treatment with triphenylphosphine dibromide inverts the configuration at that carbon, yielding the cis 
products. 


CH; CH; 


1) BH, THF P 
2) Н,0,. "OH _ PP „_ 
1 OH eg 86 
н, 
C) non, Be cn. 


ethyleyclopentanc 


(0 
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(a) The sulfonate ester serves as a leaving group in either case: 
0 


"TW. >> N a Е he m E | 

Ki: CH,CH,—X — — CH,CH;—]1: + К:Х where. :Х = :OSCH, or :OSCF; 
| | 

о 0 


mesylate triflate 


(b) The triflate anion is a weaker base than the mesylate anion because the polar effect of the fluorines 
stabilizes the negative charge in the triflate anion and thereby lowers the pK, of the conjugate sulfonic 
acid. (See Sec. 3.6C of the text.) 

(c) The principle to apply is that the better leaving group is the weaker base. This is true because the leaving 
group is accepting a negative charge and breaking a covalent bond in both the Bronsted acid-base 
reaction with a base and an clectron-pair displacement (S42) reaction with a nucleophile. The polar effect 
of the fluorines should operate in the same way on both processes. because the processes are so similar. 


The oxidation of a secondary alcohol to a ketone is a 2-electron oxidation. In the process. СгОз. a form of 
СМІ). is converted into Сг”. a form of СШ); hence the chromium half-reaction is a 3-electron reduction. 
Therefore, 2/3 mole of CrO; is required to oxidize 1 mole of the alcohol. 

The molecular mass of the alcohol is 116: therefore, 10.0 g = 0.0862 mole. Consequently. (0.667)(0.0862) 
= 0.0575 mole of CrO; is required for the oxidation. The molecular mass of CrO, = 100: therefore. 5.75 g of 
CrO, is required for the oxidation. 


First. write a balanced equation using the method of half-reactions: 


Multiply by 3 ——— 12 


3 3 3 12 
HO + CH,OCH,CH,OH ——® CH,OCH;CO;H + de^ + 4H” 


Multiply bys —e 2,2 4 8 
dé + BH + HNO, —* NO + 2H,0 


Sum: 3CH,OCH,CH,OH + 4HNO, ——® 3CH,0CH,CO;H + 4NO + 5H,0 


Because the alcohol oxidation is a four-electron oxidation, and the reduction of nitric acid to NO is a three- 
electron reduction, it takes four moles of nitric acid to oxidize three moles of the alcohol. that is. 4/3 mole of 
nitric acid per mole af alcohol. Therefore. it takes (4/3)(0. 100) = 0.133 moles of nitric acid to oxidize 0.1 mole 
of the alcohol. 


The essence of this solution is a balanced equation for the oxidation of ethanol by dichromate and conversion of 
the stoichiometry into a value for percent bload alcohol. Because the dichromate is aqueous, assume that 
ethanol is oxidized to acetic acid (a four-electron oxidation). A balanced equation for this process is as follows 
(verify this): 


16н* + 3CH,CH,OH + 201027 ——» 3CHCOH + 11H,0 + 4Cr 


This equation shows that 3/2 mole of ethanol is oxidized for every mole of Сг,О;2 ion consumed. Required to 
solve the problem are the grams of ethanol oxidized and the mL of blood in which that ethanol is contained. The 
process can be diagrammed as follows: 
moles of dichromate c> moles of ethanol c> grams of ethanol divide and 
multiply the 
mL of air c» mLof blood } result by 100 
The amount of ethanol oxidized is (3/2 mol ethanol per mol of dichromate)(0.507 x 10° mol of dichromate) = 
0.761 x 10° mol of ethanol. The molecular mass of ethanol is 46.07 g mol !: hence. the grams of ethanol in the 
sample of blood is (46.07 g mol ! 10.761 x 10? mal) = 3.50 x 105. 
The 52.5 mL of air collected is equivalent to 0.0250 mL of blood: 
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MEE. 2 Ld... 777 
2100 mL of air per mL of blood 


Finally. the grams of ethano: per mL of blood is (3.50 x 10 * р of ethanol) + (0.0250 mL of blood) = 
1.40 x 10 3, and, using the formula in the problem. the percent blood alcohol content is this number times 100, 
or 0.14%. Consequently, Bobbin is legally intoxicated and Officer Order should make the arrest. 


(a) The glycol is oxidized. This follows from the fact that a bond to carbon is replaced by a bond to oxygen 
at each carbon of the glycol. The other participant in the reaction, periodate (IO, ) must therefore be 
reduced. Indeed, the ionic product iodate (IO; ) contains one less oxygen bound to the iodine. 

(b) The number of electrons involved in the oxidation half-reaction is determined from the oxidation 
numbers of the carbons that changc: 


OH OH n 0 
R—CH—CH—R —» R—CH CH—R 


| | Ж 


oxidation numbers: 0 0 +1 +1 


The number of electrons lost is {(+1) + (+1)] — [0 + 0] = +2. (This result could also be determined from a 
balanced half-reaction.) 

The iodine can be assigned an oxidation number of +7 in periodate and +5 in iodate. How do we 
know this? Assign +2 to every oxygen because oxygen is divalent and presumably has two bonds to the 
iodine. (See the top of text p. 480 for a similar case.) Assign a - 1 for every negative charge. Hence. the 
reduction of periodate is a two-electron reduction. (You can verify this with a balanced half-reaction.) 
Another way to reach the same conclusion is to note that one mole of periodate is required per mole of 
diol. Because the diol undergoes a twa-electron oxidation, periodate must undergo a two-electron 
reduction. 

(c) From the balanced equation, shown in the problem. 0.1 mole of periodate is required to oxidize 0.1 mole 
of the diol. 


Because thiols and disulfides equilibrate to give a mixture of all possible thiols and disulfides (see 

Eq. 10.71a-b. text p. 498). Stench has evidently obtained a complex mixture of di(2-octyl) disulfide. d:butyl 
disulfide. and butyl 2-octyl disulfide. Although the desired product is statistically favored (it is twice as likely to 
be formed as the other disulfides. other things being equal). it is not likely to be more than 50% of the reaction 
mixture. 


CH,(CH,),CH — S—S— CH(CH;&CH, + CH;CH,CH,CH,—S—S—CH,CH,CH,CH, + 
CH, m 

CH,(CH,},CH — S— S— CH,CH,CH,CH, + CH,(CH,)CH— SH + CH;CH,CH,CH,— SH 
m m 


The reactivity data and the molecular formula of A indicate that compound А is an alkene with one double bond. 
The identity of compound D follows from the oxidation of 3-hexanol; it can only be 3-hexanone (see following 
equation). 1t is given that 3-hexanone is an ozonolysis product of alkene A (along with 1 —CO:H (formic acid). 
not shown in the fallowing equation). Since alkene A has seven carbons and one double bond, and 3-hexanone 
has six carbons, the carbon of alkene A not accounted for by 3-hexanone must be part of a —CH: group. 
Therefore, the identity of alkene A is established as 2-ethyl- 1 -pentene. The identities of compounds В and C 
follow from the reactions of A. 
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OH п 0; Е 
| H;Cr;O, 2) H,0,. H 
CH,CH,CHCH,CH,CH, "99. сн,сн,Ссн,сн,сн, «9 CH.CH,CCH,CH,CH, 
3-hexanol 3-hevanone (D) 2-ethvl-1-pentene (A) 


Сон 1) KMnO,/NaOH ү 1) BH, THF 
2) ^0* - 
CH;CH,CHCH,CH,CH, =—— CH,CH,CHCH,CH,CH, «2% OH 


2-cthyipentanoic acid (C) 2-ethyl-1-pentanol (8) 


Their reactions with NaH, their formulas, and the fact that they can be resolved into enantiomers show that 
compounds А and B are chiral isomeric alcohols. Their eventual conversion into methylcyclohexane shows that 
they have the same carbon skeleton as methylcyclohexane. When optically active A and B are converted into 
tosylates and subjected to the E2 reaction with potassium fert-butoxide they give optically active, and therefore 
chiral. alkenes. The only possible chiral alkenes with the carbon skeleton of methylcyclohexane are 4-methyl- 
cyclohexene and 3-methylcyclohexene, which are compounds C and D: the data do not determine which is 
which. To summarize: 


CH; CH; Р CH, 
catalyst 
or 
4-methyleyelohexene 3-methylcyclohexene methylcyclohesane 


compounds C and D 

(the data do not determine which is which) 
Because campounds А and В are chiral, their tosylates must also be chiral. The two chiral tosylates that would 
both give a mixture of compounds C and D are the tosylates of the stereoisameric 3-methylcyclohexanols. 
Because alcohols A and В have different melting points. they must he the diastereomeric 3-methy!cyclohex- 
anols. (Both stereoisomers of 4-methyleyclohexanal are ruled out because both are achiral.) The individual 
identities of these alcahols follow from an analysis of the E2 reactions of their tosylates. An anti-elimination 
can take place only when the tosylate group is in an axial position. In the tosylate of cis-3-methyicyclohexanol, 
the tosylate group can only assume the axial position required for E? elimination when the molecule is in a very 
unstable conformation in which the methyl group is also axial: 


CH; CH; 
к" (CH K (Снуусо 
HRC ^" 


tosylate of A 
severe PIU .J-diaxial interaction 


In the tosylate of trans-3-methylcyclohexanol, the tosylate group can assume the axial position in a confor- 
mation in which the methyl group is equatorial. Furthermore. the presence of one axial group in both chair 
conformations tends to make their energies more nearly equal than in the tosylate of compound A, in which the 
diaxial conformation is much less stahle. 
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K K (CH):CO | 
HRH 
tosylate of B 


much этек н severe 
1.3-diaxial interaction 


The compound containing the greater amount of the conformation in which the tosylate group is in the axial 
position—the tosylate of B—undergoes climination more rapidly. Consequently, compound A is cis-3- 
methylcyclohexanol. and compound В is trans-3-methylcyclohexanol. 


сн CH; 
“он “он 
cis-3-methylcyclohexanol trans-3-methylceyclohexanol 
(compound А) (compound В) 


10.59 (а) First. convert the poor leaving group (the hydroxyl group) into a good leaving group (the tosylate group). 
Then displace the leaving group with bromine to give the product. 


CH,OH шс. CH;OTs CH;Br 
or pyndine . or NaBr, DMSO or 


(b) Treatment with HI protonates the ОН, turning it into a good leaving group (-OH;*). Iodide then 
displaces the Н.О by an S42 mechanism. which gives the product below. 


C j emen 


(c) For the structure and mode of action of dimethyl sulfate. see Eq. 10.31 on text p. 469. 
dimethyl 
(CH,CH— SH + CHOT —> (CH):cH— 57 -= >» (CH,),CH— SCH, 
* CH30H 
(d) Тһе hydroxy! group is converted into a good leaving group. -OS(O)CI. which is displaced by chloride as 
shown by the mechanism on Eq. 10.34, text p. 470, to give the product below. 
c 


| 
CH3CHCH;CH;Ph 
(e) Similar to the reaction of triphenylphosphine dibromide (Eqs. 10.36a—b. text p. 471) the reaction of 
alcohols with triphenylphosphine dichloride proceeds by an S42 mechanism. 


qn 
Р АЙ 
(f Treatment of the alcohol with strong acid protonates the hydroxyl group. There are two different protons 


adjacent to the carbon bearing the protanated hydroxyl group that can be removed through an E2 
mechanism. With an equal opportunity to remove either one, a racemic mixture of elimination products 
is generated. 
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CH, CH 
b 
CIO = Д7 
——— 
і 
OH * OH; 


E2 by Pa E wd 


CH; CH; 
- Eare + fue 


(g) The first step occurs by an Syl or Sy2 mechanism to give the alkyl bromide. which then undergoes an E2 
elimination to give the alkene. 


OH Br e 
conc. HBr (Сн; 


(h) = An equilibrium is established between the various sulfides and thiol, similar to the solution to problem 
10.56. 
(CH3; CHCH;CH; — $—$—CH;CH; + (CH3},CHCH.CH,— S — S — CH,CH,CH(CH3), + 


CH; 


(racemate) 


CH4CH;— S—S—CH.CH, + (CH3);CHCH;CH;— SH + CH3CH; — SH 


(a) The primary deuterium kinetic isotope effect of 6.6 suggests that the step of the mechanism shown in Eg. 
10.52c, text p. 484, is rate-limiting. because the isotopically substituted hydrogen is transferred in this 
step. (Review the discussion of the deuterium isotope effect, Sec. 9.5D.) 

(b) Because of the primary isotope effect in part (a), the deuterium is removed more slowly than the 
hydrogen (about seven times more slowly). Thus. more of the aldehyde containing deuterium is formed. 
Because PCC is an achiral reagent, it cannot differentiate between the two enantiotopic a-hydrogens of 
ethanol: cach is removed with equal frequency. Consequently. the isotope effect causes isotopic 
discrimination regardless of the stereochemical positions of the hydrogen and deuterium. 

(c) Тһе enzyme alcohol dehydrogenase, which is a chiral catalyst, distinguishes between the a-hydrogens of 
ethanol so completely that it removes only the pro-(R) hydrogen whether this hydrogen is isotopically 
substituted or not. Thus. when this hydrogen is substituted by deuterium, the deuterium is removed, and, 
as a result, the aldehyde contains no deuterium. Although there may be an isotope effect associated with 
removal of this hydrogen. it is not reflected in the relative amounts of H and D removed from a given 
enantiomer because the stereochemical discrimination (which may be a factor of 1000 or more) is a much 
larger effect than the primary deuterium isotope effect (which could be a factor only as large as 7 or so). 


(a) Тһе oxidation of the alcohol RCH;OH to the aldehyde RCH=O is a two-electron oxidation. The 
reduction of DMSO to the sulfide is a two-electron reduction. Although the carbon of carbon monoxide 
has undergone a net one-electron reduction, the carbon of CO; has undergone a compensating net one- 
electron oxidation. 

(b) Тһе oxidizing agent is DMSO—specifically, the sulfur, which is the atom that changes oxidation state in 
the reaction. 

(c) In this step of the Swern oxidation, the sulfur accepts electrons. 
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sulfur accepts electrons | 
FN 


fX 
R—CH-0- SCH —= R—CH—O + Сн), + HN(CHs) 
He N(CHsh 


The two branches of citrate at the central carbon are enantiotepic. Hence, they are chemically distinguishable to 
a chiral catalyst such as an enzyme. Evidently, the difference is such that the dehydration occurs into the 
unlabeled branch, as shown in Fig. P10.62. 

One difference in H;SO, solution is that the carboxylate groups are not ionized, but this is not the key 
difference. The point of the ргоб:ет is that an achiral laboratory reagent will not make the distinction between 
enantiotopic groups. Hence. equal amounts of dehydration should occur into each branch. and there is no reason 
to expect exclusively the Z stereochemistry ohserved in the product of the enzyme-catalyzed reaction. 


CH;CO;H HOC. «Н нос... ««СНСО;н 
нер. s SOs, | | + H,0 
HO /" — CH,CO;H Wg "T 
CO; HO;C CH,CO,H но, Сн 


* the (E)-stereoisomers 


First, draw the 25.3R stereoisomer of the product so that the stereochemistry of the addition can be deduced. 


this comes from П.О ——— DO H 
à V 
' 
оё. co: 
/ \ 


Н D -——— this comes from D.O 


(2S .3R)-3-deutcriomalate 


Only a malate stereoisomer with the 2S configuration will dehydrate: if the enzyme is stereospecific in one 
direction, it must be stereospecific in the other. (See Eqs. 7.21. text p. 302.) The pro- A hydrogen at carbon-3 
comes from the solvent; if the reaction had been run in H,O. this would be a hydrogen. This is an anti-addition; 
we leave it to you to confirm this point. (See Problem 7.54(a), text p. 319.) 


(a) Because this stereoisomer has the 25 configuration. it will dehydrate. Although the рго-А hydrogen at 
carbon-3 will be lost to solvent, the stereochemistry at this position is irrelevant because there is no 
isotopic label. The deuterium in the starting material is retained. because this deuterium is not part of the 
reaction. The product is 


H CO; 
NES 
с=с 
"E М 
ос D 


(E)-2-deuteriofumarate 


What if the reaction, when it reverses back to malate, gives the product with the OH group on the carbon 
without the deuterium? This is possible. because deuterium and hydrogen differ in size by only a tiny 
amount, and the enzyme will not distinguish them by size alone. This reaction, because of the 
stereospecificity of the enzyme. must also form the 25 enantiomer, and it must be formed in an anti- 
addition. This malate product, then, must be the diastereomer of the 25,34 stereoisomer we started with: 
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(28.38)-3-deuteriomalate 


To the extent that any malate remains at equilibrium, it will ultimately be a mixture of the 25.35 and 
2S,3R diastereomers. Now, what if this stereoisomer then reverses back to fumarate? Will the deuterium 
be washed out? It will not be. and we leave it to you to apply the principle of microscopic reversibility to 
understand why. 

The fumarate stereoisomer obtained in this reaction is the same as in part (a). The same comments apply 
to the dynamic reversal of the reaction: the starting material, to the extent that it remains at equilibrium, 
will be a mixture of the 25,35 and 25.3R diastereomers, and the deuterium will not wash out. 

Because this malate stereoisomer has the 2 configuration. and because the enzyme is specific for 25- 
malate. this isomer will not react. 


Following the steps in Sec. 10.5A, we can balance the equation. First. we don't need to add any water 
because no oxygens are involved. Next. we add one Н“ to the right side to replace the one that was lost 
Írom serotonin. Finally, we add one electron to the right side to cancel the plus charge. Thus. one 
electron was lost. or. we can say this reaction is a one electron oxidation. 

The way that the serotonin structure is shown, the hydrogen pointing away is the pro-R hydrogen (see 
Sec. 10.9B). 


HO 


H pro-A hydroget 


Since the enzyme is specific and can specifically remove the pro-R hydrogen instead of the pro-S 
hydrogen. different products will result depending on whether compound A or B is fed to the enzyme. 


HO HO 
NH, мо NH, 
+ a coenzyme 
—L—Á 
N 
H 
A 

HO H 


o 
IZ Iz 
pe ni о 


Compound A reacts faster, due to the deuterium isotope effect, discussed in Sec. 9.5D. When the pro-R 
hydrogen is H (as in A) itis abstracted faster than when it is D (as in B). 


Unlike HBr. HCN is a rather weak acid (pK, = 9.4). and it provides very little cyanide ion because it is 
essentially un-ionized. In addition, it is not acidic enough to protonate the alcohol to any reasonable extent. 
because the pK, of a protonated alcohol is 2. Because the OH group of the alcohol is not protonated. it is not a 
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good leaving group. With a nucleophile concentration of ncarly zero and a poor leaving group. a substitution 
reaction cannot take place. 

Addition of HSO; to the reaction mixture would indeed solve the leaving-group problem. because the 
H.SO, would protonate the OH group. However, added protons suppress the ionization of HCN even more than 
it is suppressed normally. Without а reasonable concentration of nuclcophile, the reaction is doomed. And. 
unless he is working in a very efficient fume hood. Bluelip is doomed. too. because addition of H:SO, to a 
solution of cyanide ion produces lethal HCN gas. 


Ethanol is partially protonated under the acidic conditions. Water is displaced from a protonated ethanol 
molecule by another ethanol molecule: 


нӧсн,сн, —, 
"ай f^ H HOCH;CH; 
CH.CH; — ÖH; — CH,CH, So CH;CH, mI CH,CH; — Ó — CH;CH, * HOCH;CH, 
protonated ethanol * Он, 
(the conjugate acid 
of ethanol) 


Ethanol is a weak base. and it is therefore not a very potent nucleophile. This is why the reaction requires high 
temperaturc. 


The outcome of the reaction is dependent on the reaction conditions. The reaction is run in a 
sealed pressure vessel. because the temperature is well above the boiling points of the reactants. 
products, and solvent. If the vessel were not sealed. ethylene would be formed by alcohol 
dehydration and, as the lowest-boiling component, would escape from the vessel. In a sealed 
vessel. and ethylene that is formed remains in solution and can undergo acid-catalyzed addition 
of ethanol. 


(a) 


gre Н. & -PBr; 
:OH inc О Br 
Ll 


| | | 
CH;CH;CHCH;CH4 + — iade esae ==» CH4CH;CHCH;CH; + HO — PBr; 
Br Br 


CH; ; Осн, "om 
AON N & QH I> 1 
пор — moba c e (уә 


(b) 


den OPh 
X 
"| сн О 
0—b*—oph -— o> m (РҺО);Р — CH; * PhOH 
Ph 
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CBr um, Хову 
T me ^ air 7 : PAP. > 
(Ph)3P: + BrC— Br —» н ii "Br ——_CH,(CH2),—¢ 
Ph Ph 
-Br О 

i Br | 
CH4CHg,6H;-0— P> CPP + НОВ; 

| 


V 


The carbocation rearrangement in this solution, in which a tertiary carbocation is converted into a 
secondary carbocation. is driven by relief of ring strain. 


HC. „СНз HIC. „СНз 

сл с кч. a 
fa — (ус 09 
the protonated A B 

alcohol + :6H, 


This mechanism begs a question: Why doesn't carbocation В rearrange again by a methyl shift 
to a tertiary carbocation? [What would the product(s) he?| The answer may he that the empty 
2p orbital of this carbocation is nat aligned optimally with the ring—methy! bonds for rearrange- 


ment to occur, (For rearrangement ta occur, overlap must occur between the bonding orbitals 
and the empty orbital.) 


this angle should 
be 0? for optimum overlap 


empty 2p orbital CH; 


ring bonds { H 


CH; 


If the rate of this rearrangement of carbocation B is decreased, then the large excess of bromide 
ion (from ionization of HBr) completely consumes carbocation B before it can rearrange. The 
alkyl bromide. which is very insoluble in the partially aqueous solvent, forms a separate layer 
and is removed from the reaction. Undoubtedly. in a solvolytic medium such as ethanol, in 
which the alkyl halide would be soluble. rearrangement of carbocation B would be observed. 

Carbacation A has no problem with orbital alignment because there is more or less free 
(or less constrained) rotation about the bonds to the cationic carbon. The rearrangement is 
evidently much faster than the capture of this ion by bromide ion. 


The carbocation rearrangement in this mechanism also involves a ring expansion. In this case, a tertiary 
carbocation is converted into another tertiary carbocation. 
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нс Wn i CH, CH, 

Об = 00- Со) - СО: 
+ 
4 


the protonated alcohol h :0H, UR Lo :ӦН, 
(c) Тһе product contains eight carbons; hence. it involves the reaction of two 2-methylpropene carbon 


(d) 


skeletons, joined as follows: 


HC 
this carbon has \ Pc. Ch 
an additional 11 ——«- C = СН, ------- = С 
/ | 
НС Сн; 


this carbon has 
an additional H 


The first step in this process is the reaction of one alkene molecule with HF to give a tert-butyl cation A: 


HC vr fs : 
C=CH, ж== (сну),С E 
/ 4 

HC i 


(We won't show the fluor.de counterion in subsequent steps.) Carbocation A then reacts in a Lewis acid- 
base association reaction with а second molecule of alkene to give carbocation B: 


(CHC ње ссн), —> (CHjC— CH; Ссн), 
B 


Finally, carbocation В reacts with isobutane by removing a Aydride (a hydrogen with two electrons). This 
is exactly like a carbocation rearrangement by hydride shift, except that the reaction occurs across two 
different molecules: 


$ | 
(CH3,C— CH;—C(CH;)) ——= (CH3)C—CH,—C(CH;). + (CH3),C* 
B 2.2,4-trimethylpentane A 


The product is accompanied by a tert-butyl cation A, which is the cation produced in the initial 
protonation step. This cation can thus react with another molecule of alkene to give another carbocation 
B. and so on. Notice that if a tert-butyl cation A reacts with a molecule of isobutane by a hydride shift, 
another 1ert-butyl cation A and another isobutane are formed. that is, such a "side reaction" (which 
undoubtedly occurs) has no net effect. Finally. the hydride-shift mechanism accounts for the results with 
deuterium. 

This reaction is actually a chain reaction, in which the tert-butyl cation propagates the chain. 
Although most chain reactions are free-radical chain reactions. this is an interesting example of a 
cationic chain reaction. 


You might compare this problem with Problem 5.53 (text p. 228) and see if you can tell what it 
is about the conditions of the two reactions. both of which involve 2-methylpropene and HF. 
that causes the outcome to be different. 


This is an addition to the alkene that is conceptually similar to hydration or HBr addition. 
Trifluoromethanesulfonic acid (triflic acid), a strong acid. protonates the alkene double bond to give a 
carbocation, which then undergoes a Lewis acid-base association reaction to give the product. 
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(a) 


(b) 


(c) 
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CH,CH=<CH, — u aler, —> (CH,),CH — :0SCF, —> (CH,),CH—OSCF, 

propene 1 I l 


triflic acid 


The electrons on carbon are in a 2p-orbital. since carbanions are sp*-hybridized. Phosphorus has по 
empty p-orbitals, but it does have empty 3d-orbitals. One of its 3d-orbitals shares enough symmetry with 
the 2p-orhital to sufficiently overlap. The л bond between phosphorus and carbon must come from 
overlap between these two orbitals (see Sec. 10.10B). 


Ph 


carbon 2p orbital 


a” 


Н 
С н 


bi phosphorus 34 orbital 


Both carbon and phosphorus possess eight electrons. either as lone pairs or shared. 


ri 
Ph—P E 

| 

Ph H 


Carbanions are very strong bases because they are the conjugate bases of very weak acids. This 
compound possesses a partial negative charge on carbon. (partial because the structures in parts (a) and 
(b) are averaged) which n:akes this carbon very basic. 


Similar to the answer to 10.692. ihe chlorines provide empty 3d-orbitals to overlap with the 2p-orbital of the 
carbon containing the lone electron pair. helping to delocalize the negative charge across the whole molecule. 
Note that while each chlorine atem can provide the same overlap. only one such interaction is shown. 


carbon 2p orbital 


С 
9—0 о 


З. chlorine 3d orbital 
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The Chemistry of Ethers, 
Epoxides, Glycols, and Sulfides 


STUDY GUIDE LINKS 


LT 11.1 Learning New Reactions from Earlier Reactions 


Quite often the text points out the close relationship between two reactions—a new one, and one 
you have already studied. Such connections will help you to understand new reactions in terms of 
what you already know and will substantially reduce the amount of really new material that you 
must master. Alkoxymercuration-reduction is such a case; this reaction is closely related to 
oxymercuration—reduction. In order to make the connection between the two reactions, it almost 
goes without saying that you have to know what oxymercuration-reduction is! If you did not 
know the meaning of this term when you read this section. did you go back and find out? 

The question at the end of Study Problem 11.1 on text p. 514— why tert-butyl bromide and 
sodium methoxide will not work in a Williamson ether synthesis—is another effort to get you to 
think about earlier material, in this case the reactivities of alkyl halides in the presence of a strong 
base. Did you answer this question? (If you can't answer it, review Sec 9.5G as suggested in the 
problem.) 

Remember that continued review is one of the keys to successful study in organic chemistry. 
You must try constantly to remain active rather than passive when you study. Answering questions 
such as the ones posed in the text will assist you. If you can't answer one of these questions, write 
it down and get help at the next available opportunity! 


| T 11.2 Соттоп Intermediates from Different Starting Materials 


An important thing to notice about this section is that the same reactive intermediate—in this case, 
a carbocation—in some cases can be generated in several different ways. For example. consider 
the many different ways that a tert-butyl cation can be formed as a reactive intermediate: 
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CH, 
Г | 
-Br 
(solv oly sis) HC үч 
CH, 


tert-butvi cation 


Whether a carbocation is formed by protonation of an alkene. by dehydration of an alcohol. or by 
sovolysis of an alkyl halide. the same product is obtained if a large excess of the same nucleophile 
is present in each case. Thus, if methanol is used as the solvent, zert-butyl methyl ether is the 
product regardless of the origin of the carbocation. On the other hand. if concentrated HBr is used. 
tert-butyl bromide is the product. 

It is natural at first to think of hydrogen halide addition to alkenes. alcohol dehydration, 
alkene hydration. and solvolysis of tertiary alkyl halides as different reactions. What you now 
should be able to sec is that these reactions are all linked through a common intermediate, the 
carbocation. Which product is obtained depends on the conditions used. 


FURTHER EXPLORATIONS 


11.1 Mechanism of OsO, Addition 


Even though the OsO, addition is a concerted reaction—a reaction that occurs in a single step— 
let's break the reaction into fictitious individual steps so that we can see the relationship of this 
reaction to other electrophilic additions we have studied. 

First, let's think about the electronic character of О5О. Remember that osmium in a +8 
oxidation state is very electronegative. When a nucleophile reacts at any of the oxygens. electrons 
are transferred onte the osmium. 


0 0 0 0 
AM — X 
o^ U^o с“ 
Nuz- Nut 


In this sense, osmium serves as a “leaving group” in the nucleophilic substitution reaction on 
oxygen—except that it remains tethered to that oxygen by its one remaining bond. The mechanism 
of OsO, addition can now be viewed as a close analogy to the mechanism of ozone addition to 
alkenes (Further Exploration 5.2). The electrophilic oxygen accepts the pair of 7 electrons from 
the alkene, and a carbocation is gencrated from the alkene. We can write a resonance structure for 
the osmium species in which the electron pair (and negative charge) on osmium is delocalized 
onto an oxygen. This oxygen undergoes a Lewis acid-base association to complete the addition. 
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(e (6 O О O 0 0 О 
“К —=| MEC я» К = f 
:0¢ Uo: 06 Yo. 10: — 10: 70 о: 

C. = f i x A 
R;C—CR, R,C— CR; R;C— CR; R;C— CR; 


an osmate esier 


Compare this to the "fictitious" ozonolysis mechanism, in which the central oxygen serves as an 
"electron sink" and the terminal, negatively-charged, oxygen reacts with the carbocation: 


6 Л, 
3 o* Yo — = 95 Yo o j 70: 70 
f / 
R,C= CR; R;C CR; R;C CR; 


Even though these mechanisms are concerted, thinking of them as two-step processes, as shown 
above, helps to understand why these reactions take place. and helps to see the connection 
between these reactions and other electrophilic addition reactions that involve carbocations 
explicitly. 


UU REACTION REVIEW 


1. SYNTHESIS OF ETHERS, EPOXIDES, GLYCOLS, AND SULFIDES 


A. WILLIAMSON EIHLR SYNIHLSIS 


1. The Williamson ether synthesis is an S,2 reaction in which the conjugate base of an alcohol (or thiol) 
reacts as a nucleophile with an unhindered alky! halide or sulfonate ester to form an ether (or sulfide). 


(CHC — 0^ Na* ~ H,;C—OTs ——® (CH;);3C—O—CH; + TsO” Na* 


sodium methyl 2-methoxy-2-methylpropane sodium 
2-methyl-2-propanolate tosylate (or tert-butyl methyl ether) tosylate 


Ph— 57 Nat + СНСН,Вг ——> Ph—S—CH,CH, + Ма* Br 


sodium bromoethane (ethylthio)benzene sodium 
thiophenolate (or ethyl phenyl sulfide) bromide 


a. Methyl halides. primary alkyl halides, or the corresponding sulfonate esters can be used in a Williamson 
synthesis. 

b. Tertiary and many secondary alkyl halides cannot be used in a Williamson synthesis because the E2 
(elimination) reaction occurs instead. 


НС — O7 Na* + (CH)C—| — HiC—0—H + Nat + (CH3;C — CH; 


sodium tert-butyl iodide methanol sodium 2-methylpropene 
methanolate (or 2-iodo- iodide 
2-methylpropane) 
2. In principle. two different Williamson syntheses are possible for any ether with two different alkyl groups. 
a. The preferred synthesis is usually the one that involves the alkyl halide with the greater 5 42 reactivity. 


b. Tertiary and secondary alkyl groups should be derived from the alkoxide. 


Мо pari of ths De pic ade anbured diete pual ет Cu rd nh з mar aal plese visit С //ОФОРАЕ р x e edu- 


306 


CHAPTER 11 - THE CHEMISTRY OF ETHERS, EPOXIDES, GLYCOLS, AND SULFIDES 


B. ALKOXYMERCURATION-REDUCTION CF ALKENES 


1. An alkoxymercuration-reduction reaction occurs when oxymercuration-reduction is carried out in an 
alcohol solvent instead of water. 


(CH,),CHO (CH,),CHO 
нле); | NaBH, | 
(CH3;C = CH; E. (CH3;C — үн I— (CH3;C — рн; 
HgOAc H 


2. The mechanism of the alkoxymercuration reaction. is completely analogous to the mechanism of 
oxymercuration, except that an alcohol instead of water is the nucicophile that attacks the mercurinium ion 
intermediate. 


3. The alkoxymercuration-reduction reaction can be used to prepare ethers that cannot be prepared by a 
Williamson ether synthesis. 
C. ETHERS FROM ALCOHOL DEHYORATION AND ALKENE ADDITION 


1. Two molecules of an alcohol can undergo dehydration to give an ether (a reaction used primarily in 


industry). 
н;50, 
2CH,CHOH —S—» CH,CH,—O—CH,CH; 
ethanol! dicthyl cther 


a. This is generally restricted to the preparation of symmetrical ethers derived from primary alcohols. 

b. Secondary and tertiary alcohols cannot be used because they undergo dehydration to alkenes. 

c. The formation of cthers from primary alcohols is an Sy2 reaction in which one alcohol displaces water 
from another molecule of protonated alcohol. 


^w S42 t : 
RČH- ÒH, HÜ— CHR ——» RCH,—Ó.—CHR ——» RCH;—Ü—CHR 
G iS 


protonated alcohol 


L^ HÉCHR + HOCHR 


2. Tertiary alcohols can be converted into unsymmetrical ethers by treating them with dilute solutions of 
strong acids in an alcohol solvent. 


H;SO, (trace) 
(CH3);C = OH: + CH3OH a ees (CH34C SOE CH; + H;O 
tert-butyl alcohol methanol tert-butyl methyl ether 
(solvent: 
in excess) 


a. The formation of an ether from a tertiary alcohol and a primary alcohol solvent is an Sy1 solvolysis 
reaction in which the protonated alcohol loses water to give a relatively stable carbocation that is 
attacked by solvent to give the product. 


H // нењ HEN 
3 А Í solvent Af, HO— CH, = 
(СНС ~ ОН === (Сну; (СНС — 0 — CH а= (СНС — 0 — Сн; 
JJ 
conjugate acid + WO conjugate acid + H,O—CH, 
of the tertiary alcohol of the product 
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b. One of the alcohol starting materials must readily lose water after protonation to form a relatively stable 
carbocation: typically this is a tertiary alcohol. 

c. The alcohol that is used in excess must be one that either cannot lose water after protonation to give a 
carbocation or should form a carbocation much less readily than the tertiary alcohol. Typically this is a 
primary alcohol. 

d. Any alkene that does form (by an El pathway) is not removed but is reprotonated to give back a 
carbocation, which eventually reacts with the alcohol solvent. 

e. Ether formation from tertiary alcohols and the dehydration of tertiary alcohols are alternative branches 
of a common mechanism. (See Study Guide Link 11.2 and Sec 10.2 in the text.) 

3. Treatment of an alkene with a large excess of alcohol in the presence of an acid catalyst gives an ether 
provided that a relatively stable carbocation intermediate is involved. 


СА н;50, (trace) CH; 
CH; ——————-— 
/ CH,CH,OH OCH,CH, 


{-methylcyclohexene f-ethoxy-I-methylevcloxexane 


D. OXIDATION OF ALKENES WITH PEROXYCARBOXYLIC ACIDS 


1. One of the best laboratory preparations of epoxides involves the direct oxidation of alkenes with 
peroxycarbox ylic acids. 


(e Н О 
С) + в-0-о-о-н = ( [o + neon 
I CHO, М д^ 
cyclopentene a peroxycarboxylic acid H a carboxylic acid 


cyclopentene oxide 
(1.2-epoxycs clohexane) 


a. The oxidizing agent, a peroxycarboxylic acid. is a carboxylic acid that contains an 
—O—O—H (hydroperoxy) group rather than an —OH (hydroxy) group. 

b. The general terms peraxyacid or peracid, denoting any acid containing а hydroperoxy group, аге 
sometimes used instead of peroxycarboxylic acid. 

c. Many peroxycarboxylic acids are unstable and are formed just prior to use by mixing a carboxylic acid 
with hydrogen peroxide. 

2. The formation of an epoxide from an alkene and a peroxycarboxylic acid is a concerted addition reaction. 
(See Sec. 11.3A in the text for a further discussion of this mechanism.) 


Nae H О 
C.-Y О T 
о 7n pe шк, + 

R 


„б<. 07 Cw R 
alkene — peroxycarboxylic epoxide carbox lic 
acid acid 


a. This mechanism is very similar to that for the formation of a bromonium ion in bromine addition to 
alkenes. 


b. The formation of epoxides with peroxycarboxylic acids is a stereoselective reaction; it takes place with 
complete retention of the alkene stereochemistry. (See example under point 1.) 


E. CYCLIZATION OF HALOHYDRINS 


1. Epoxides can be synthesized by the treatment of halohydrins with base. 
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Br мон 81 Xu 
) L- wx СЄ — р т + Ма*: 
OH H0 gr Na* 20: 


a. This reaction is an intramolecular variation of the Williamson ether synthesis in which the alcohol and 
the alkyl halide are part of the same molecule. 

b. The alkoxide anion. formed reversibly by reaction of the alcohol with NaOH. displaces halide ion from 
the neighboring carbon. 

2. Like other 542 reactions, this reaction takes place by backside substitution of the nucleophilic oxygen 

anion at the halide-bearing carbon. 

a. The nucleophilic oxygen anion and the leaving halide assume an anti relationship in the transition state 
of the reaction. 

b. Halohydrins derived from cyclic compounds must be able to assume the required anti relationship 
through a conformational change if epoxide formation is to succeed. 


LAS v AT 


forms an epoxide in basic solution docs not form an epoxide 
in basic solution 
F. ASYMMETRIC EPOXIDATION 


1. Allylic alcohols react with i-buty] hydroperoxide in the presence of titanium(IV) isopropoxide catalyst to 
form an epoxide at the doubie bond of the allylic alcohol functionality. 


‚нон 5 

T4OCH(CH )); H;O/NaOH 
M = a4 + (CH,),C — О — OH ao, * ————R P CH;OH + (CH;),C — OH 
an allylic alcohol t-buty! hydroperoxide an cpoxide t-butyl alcoho! 


a. Only double bonds with an allylic —OH group form an epoxide: other double bonds usually do not 
react. 

b. In the presence of (2R,.3R)-(+)-diethy! tartrate, (4)-DET. the epoxide form is a preponderance of only 
one enantiomer is formed; in the presence of (25,35)-(-)-diethyl tartrate, (-)-DET, the epoxide form is а 
preponderance of the other enantiomer is formed. 


TNOCH(CH po 3 
R CH;OH 
(C—O OH _ЊОмюн М. ШТ “O” adds from below 
(*DET va 
о 
Ri. c= e СНОН Е: 
в TR! X 
N TAOCHICH scl О, 
(CH,C — 0 — OH H;O/NaOH é—€ “О” adds from above 
pem = R7" "N-CHOH 
R R 


G. PREPARATION OF GLYCOLS 


1. Some glycols can be prepared by the acid-catalyzed reaction of water with epoxides. (See also Section 
ILB.) 
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A њо? A А 
— 
«2 


О HO 


an epoxide a glycol 


2. Alkenes can be oxidized to glycols with ОѕО 4. 
a. The osmium in OsO, is in a high oxidation state, Os( VII), and thus attracts electrons. 
i. This electron-attracting ability results in a concerted cycloaddition reaction between OsO, and an 
alkene that reduces the Os(VIII) to Os(VI) and gives an intermediate called an osmate ester. 


о о 

* os 

^ 9s... 

о 

\ / оо, \ / 
С=с = —C—C— 


an osmate ester 


ii. A glycol is formed when the cyclic osmate ester is treated with water. 


О о 
ъ_ # 
URL 
О О HO OH 
No Al H;O, NaHSO; Xe ty 
СС. ————— СС 
6E ` ZU X 
an osmate ester a glycol 


b. A mild reducing agent such as sodium bisulfite (NaHSO;) is added in many cases to convert the 
osmium-containing by-products into reduced forms of osmium that are easily removed by filtration. 

c. Osmium and its compounds are very toxic and are quite expensive. By including an amine oxide 
(another oxidizing agent) in the reaction mixture, only catalytic amounts of OsO, are required. because 
the amine oxide converts the osmium by-products back into OsO,. 


UN „© 
M в gt. e HQ pH "e 
‚ * d ъ 2 Am, 2H,0 \ VG 
С=С + „2%, Еа eco Са E рс — Ce Ф Os. 
/ \ % ti / \ , 2 N 
о О коа (solvent) f à HO OH 
an alkene (catalytic pane an osmate ester a glycol Os( Vl) 
amount) 
о О O о 
Ww 7 * = SG T 
Os + RN — О —ь Os t RN + H;O 
^8 48 
HO OH an amine oxide 0 о ап 
Os( V1) catalyst amne 


regenerated 
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d. The formation of glycols from alkenes is a stereospecific syn-addition. The five-membered osmate ester 
ring is casily formed when two oxygens of OsO, arc added to the same face of the double bond by a 
concerted mechanism. 


a „© 
фи 
О О HO OH 
050, н A Ki H H;O, NaHSO, be P = 
osmate ester cis-1.2-cvclohexanediol 


c. Hydrolysis of epoxides and the OsO, oxidation of alkencs are complementary reactions because they 
provide glycols with different stereochemistry. 


3. Glycol formation from alkenes can also be carried out with potassium permanganate (KMnO,). usually 


under aqueous alkaline conditions. 


H H 
H n KMnO, "OH, HjO _ кы ЕТ 


acatone 


cis- 1.2-cyclohexanediol 
a. This reaction is also a stereospecific syn-addition. and its mechanism is probably similar to that of OsO, 
addition. 


1. Visually, when oxidation occurs, the brilliant purple color of the permanganate ion is replaced by a 
murky brown precipitate of magnesium dioxide (MnO:). 


ii. This color change can be used as a test (called the Baeyer test) for functional groups that can be 
oxidized by KMnO4. 


b. A problem with the use of KMnO; is that yields are low in many cases because over-oxidation occurs. 
Il. REACTIONS OF ETHERS, EPOXIDES, GLYCOLS, AND SULFIDES 
A. BASICITY OF ETHERS AND SULFIDES 


1. Ethers are relatively unreactive compounds; however, the oxygen of an ether can be protonated under 
acidic conditions. 
+ 
R—0—R + H—A — > R—0O—R 


| 
H 


pK, =-2to-3 
2. Thiols are less basic than ethers, but react similarly in acid. 


* 


R—S—R’ + H—A —» R—S—R 


| 
H 


pK, =-5 to -7 


3. Ethers can also act as Lewis bases with electron deficient Lewis acids. 
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* 
R—0—R 
R—O—R + H—B—H —» i 
| H— B—H 
H | 
H 
an ether borane 
a Lewis base a Lewis acid 


B. CLEAVAGE OF ETHERS 


1. The C—O bonds of ethers react under acidic conditions (HI or HBr) to give alcohols and alkyl halides in a 
reaction called ether cleavage. 


R—O—R’ + H—I —* R—OH + R—I 


H—I 
(їп some cases) ped * њо 

а. Ethers containing only methyl and/or primary alkyl groups require strong acid and relatively harsh 
conditions to bring about ether cleavage. 

b. Secondary and tertiary ethers cleave more readily than primary or methyl ethers because the Sy! 
mechanism intervenes and carbocation intermediates can be formed. 

c. The alcohol formed in the cleavage of an ether can go on to react with НІ or HBr to give a second 
molecule of alkyl halide. 

The cleavage mechanism of ethers containing only methyl and/or primary alkyl groups involves 


ә 


à. protonation of the ether oxygen. followed by 
b. a substitution reaction of the protonated ether Бу the iodide or bromide ion (a good nucleophile) in an 
542 reaction to form an alkyl halide, which liberates an alcohol as a leaving group. 


H вух 


: HBr | zs A 
CH4CH;,CH; — Ó — CH, == CH4CH;,CH; — Q— CH, ——»  CH4CHj,CH; —Ó ÖH + Н.С —– Ёз 
* 


\ 


1-mcethoxyhesane I-hexanol bromomethane 


CH,(CH,),CH, — OH ~~ CH,(CH,),CH, — Br 


I-hexanol I-hromohexane 


3. The mechanism of cleavage in ethers containing tertiary alkyl groups (which occurs under milder 
conditions) involves 
a. protonation of the ether oxygen, followed by 
b. formation of a carbocation by loss of the alcohol leaving group, and finally 
c. a Lewis acid-base association reaction of the carbocation with the halide ion. 

4. Because the S41 reaction is faster than competing S42 processes, none of the primary alkyl halide is 
formed. 


r H8 
. HI le) E “2 T 
HC —Ö—CCHh === H,C—Q~C(CH), —» H,C—OH + (CH);CT 17 ——> (CH),C—I: 


tert-butyl methyl ether methyl alcohol a tertiary tert-butyl iodide 
carbocation 


5. Secondary alcohols can react by both mechanisms. 
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C. REACTIONS OF EPOXIDES WITH ACID OR BASE 
1. Because of their ring strain, epoxides undergo ring-opening reactions with case; the opening of an epoxide 


relieves the strain of the three-membered ring. 
2. The ring opening of epoxides by bases involves backside substitution by the nucleophile at the epoxide 


carbon. 
CH; O^ Nat OH 
CH,O" Na* ите CH; CH40H wes CH; - + 
—> СНО” Na 
ү OCH; OCH; 
H H H 


a. A reaction of this type is essentially an Sy2 reaction in which the epoxide oxygen serves as the leaving 
group. 
b. Under basic or neutral conditions, nucleophiles typically react with unsymmetrical epoxides at the 


carbon with fewer alkyl substituents. 
i. This regioselectivity is expected from the effect of branching on the rates of 5 42 reactions. 


ii. Alkyl substitution at the epoxide carbon retards the rate of nucleophilic substitution; hence, a 
reaction at an unbranched carbon is faster and leads to the observed product. 
c. Inversion of configuration is observed if attack occurs at a stereocenter. 
3. The regioselectivity of the ring-opening reaction is different under acidic conditions. 
a, The nucleophile reacts at the more branched carbon of the epoxide. 
b. If neither carbon is tertiary, a mixture of products is formed in most cases. 


n CH,OH, HSO, es б " e» 

Ms — (methanoli _(methanolic H501) OH сбн — OH £ 
(ps eene, ——— C бн —e ch —- Sie. + снн, 

i È CH, p 

CH; "оон, OCH; 


+ ei 


i Bonds to tertiary carbon atoms are weaker than bonds to primary carbon atoms and the protonated 


oxygen is a good leaving group. 
ii. The regioselectivity of acid-catalyzed epoxide ring opening is very similar to the nucleophilic 
reactions of water and alcohols with bromonium ions. 
4. Acid-catalyzed epoxide hydrolysis is generally a useful way to prepare glycols. 


EV 


О HO 
an epoxide a glycol 
This reaction occurs by backside substitution of water on the protonated epoxide. 


. This reaction, when combined with epoxide formation from an alkene, gives glycols with different 
stereochemistry from that obtained from the OsO, reaction with alkenes. (Compare with the reaction in 


Sec. I.G.2.d.) 


a, в 
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0 HO H 
H H H OH 


C) RCO;H H,0*. HO 
———»- — o ——— 


(а trans. 1.2-cyclohexanediol 


5. Base-catalyzed hydrolysis af epoxides also gives glycols. although, in some cases. polymerization occurs 
as a side reaction under the basic conditions. 


D. REACTION OF ETHYLENE OXIDE WITH GRIGNARD REAGENTS 


1. Grignard reagents react with ethylene oxide to give, after a protonation step. primary alcohols. 
a. The carbon of ihe C—Mg bond of the Grignard reagent has carbanion character and can react with the 
epoxide as a nucleophile. 
b. The magnesium of the Grignard reagent is a Lewis acid and coordinates with the epoxide oxygen. 
c. Coordination of an oxygen to a Lewis acid makes the oxygen a better leaving group. 


Br Ph Ph 

| HC.» |, au e E 
n» Жа... — = Ph—CH;CH,— 0: Mg === Ph— CH;CH; — $: *MgBr + Ph — MgBr 
2 | + | 

а-а, Вг МЕ Вг 


d. After the Grignard reagent has reacted, the alkoxide is converted into the alcohol product in а separate 
step by the addition of water or dilute acid. 


HOt + Рһ— СН,СН, — 0:7 *МоВг ——» Ph—CH,CH,—OH + H0O + Mg* + Br 


2. The reaction of a Gngnard reagent with ethylene oxide provides a method for the formation of carbon- 
carbon bonds. 


3. Grignard reagents react with unsymmetrical epoxides to give mixtures of products caused by 
rearrangements and other side reactions. 
E. OXIDATIVE CLFAVAGE OF Gi YCOL S 
1. The carbon-carbon bond between the —OH groups of a vicinal glycol can be cleaved with periodic acid to 
give two carbonyl compounds. 
a. The cleavage of glycols with periodic acid takes place through a cyclic periodate ester intermediate that 
forms when the glyco! displaces two —OH groups from Н!О,. 


b. The cyclic ester spontaneously breaks down by a cyclic flow of electrons in which the iodine accepts an 
electron pair. 


OF oup, 0 T OH | en ri OH 
CY — RS ——- pe S a Eu e 
an” m oH, OH б OH 
a cyclic periodate ester; iodine (VI 
iodine (VII) 
+ 2H,0 


2. A glycol that cannot form a cyclic ester intermediate is not cleaved by periodic acid. 
3. The periodate cleavage reaction has been used as a test for glycols as well as for synthesis. 
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F. OXIDATION OF ETHERS AND SULFIDES 
1. Except for peroxide formation (which occurs when ethers are allowed to stand in air) and combustion, 
ethers are relatively inert towards oxidizing conditions. 
2. Sulfides oxidize at sulfur rather than at carbon when they react with many common oxidizing agents; 
sulfides are readily oxidized to sulfoxides and sulfones. 
a. Sulfoxides and sulfones can be prepared by the direct oxidation of sulfides with one and two 
equivalents. respectively, of hydrogen peroxide. НО». 


О О 
H0; I H;0; I 
R—S—R ——» R—S—R —» car s 
a sulfide a sulfoxide О 
a sulfone 


b. Other common oxidizing agents, such as KMnO4, НМО;, and peroxyacids, readily oxidize sulfides. 


3. Nonionic Lewis structures for sulfoxides and sulfones cannot be written without violating the octet rule. 


= :0: er 
1:0: (i ll ER 
T |. R—S—R -2—— R—S—R 
ReS—R «—> RoR І БТ 
о :Q: 
a sulfoxide a sulfone 


G. REACTIONS OF OXONIUM AND SULFONIUM SALTS 


1. If the acidic hydrogen of a protonated cther is replaced with an alkyl group, the resulting compound is 
called an oxonium salt; the sulfur analog of an oxonium salt is a sulfonium salt. 


(CH30* "BF, (CHe)3S* "BF, 


trimethyloxonium tetrafluoroborate triethylsulfonium tetrafluoroborate 


2. Oxonium and sulfonium salts react with nucleophiles іп 5 42 reactions. 


R—OH + (CH;),0* BF, — R—0—CH, + H4C—0—CH, + HBF, 


an alcohol trimethyloxonium a methyl ether dimethyl ether tetrafluoro- 
tetrafluoroborate boric acid 
(an oxonium salt) 


a. Oxonium salts are among the most reactive alkylating agents known (they react very rapidly with most 
nucleophiles). They are usually isolated as BF, salts because the BF, counterion is not nucleophilic. 
These salts must be stored in the absence of moisture. 

b. Sulfonium salts are considerably less reactive than the corresponding alkyl chlorides in Sy2 reactions 
and therefore are handled more easily than oxonium salts. 

c. Sulfonium salts are somewhat less reactive than the corresponding alkyl chlorides in Sy2 reactions. 

3. The important biological sulfonium salt S-adenosylmethionine (SAM) is a methylating agent for biological 
nucleophiles. 
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SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


Compound В is the weakest acid; there are only protons attached to carbon atoms and none of them are very 
acidic. The strength of the sulfur-hydrogen bond is much less than the oxygen-hydrogen bond, so compound A 
is a stronger acid than compound D. The greater electronegativity of oxygen relative to nitrogen makes 
compound D a stronger acid than compound C. (See Sec. 3.6A for a detailed description of the Elemert Effect 
on acidity.) Thus. the compounds arranged in order of increasing acidity are: 


ооо о 


£x 
нс CH; HC H H H 
B 6 D 4 
weakest acid strongest acid 


(a) — In this reaction, an alkoxide, formed by reaction of the alcohol with sodium, is alkylated by methyl 
iodide to give isopropyl methyl ether: 


[^ 
(CH,),CHOH P (CH,),CHO™ Na* ш (CH;),CHOCH, + Na* i 


+ Н, isopropy! methyl ether 
(2-methoxymropance) 


(b)  Athiolate ian. formed by reaction of NaOH with the thiol, is alkylated by allyl chloride to give 
H,C==CH—CH;—S—CH, (allyl methyl sulfide) + Na* Cl. NaOH is a strong enough base to form the 
thiolate anion, hut would not be strong enough to form the conjugate base of an alcohol. 

(c) Alkoxide bases react with tertiary alkyl halides to give elimination products rather than substitucion 
products. (See Sec. 9.5G.) Consequently, the products are (CH3),C—CH: (2-methylpropene), Na* Вг 
(sodium bromide). and CH ,OH (methanol). 

(d) | Neopentyl halides and sulfonate esters do not undergo S42 reactions at room temperature; furthermore, 
they do not undergo f-elimination hecause there are no B-hydrogens. Thus, no reaction occurs. 


(a) 
ГУ i. = CH,CH 
( )- сн;сн;он =s C y CHCHO ма“ = C» CH;CH;OCH;CH; 
A second Williamson synthesis, the reaction of sodium ethoxide with (2-bromoethyl)cyclohexane, is in 
principle possible; however, because the alkyl halide has more alkyl branching this reaction would give. 
in addition to the desired product. a significant amount of alkene resulting from elimination. 
(b) 


Na’ CHO” Сну 
(CH;),CHSH 2—22 (CHj;CHS- Na* ———> (CH,),CHSCH; 


The alternative synthesis, reaction of the methancthiolate ion with isopropyl bromide, is less desirable 


because secondary alkyl halides react more slowly than methyl halides and give some elimination 
products. 
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(c) | Di-tert-butyl ether cannot be prepared by a Williamson synthesis, because its preparation would require 
an S42 reaction of terf-buloxide with a tert-butyl halide. With this combination of reagents, an E2 
reaction would occur instead, and 2-methylpropene and tert-butyl alcohol would be the only organic 
products formed. (Sec the solution to part (c) of Problem 11.2.) 


11.4 (a Let 3CH;CH;. The mechanism is essentially identical to that shown in Eq. 5.21b-d on 
text pp. 190-91, except that the nucleophile is isopropyl alcoho! rather than water. 


CON 


AcO— Hg:. М OAc 
5 ) AcO — Hg... AcO— Hg: AcO— Hg: 
/ f X d | | 
HC=CH—R —> — HC—CH—R —= НС СН " 
N ‘ | 
* —'OCH(CH А 
HOCH(CH;), y Ge (Сн) OCH(CHj); 
тбас + H—OAc 


The nucleophilic reaction of the alcohol with the mercurinium ion intermediate occurs at the carbon with 
the greater number of alkyl substituents because this carbon—mercury bond is weaker (that is, easier to 
break) than the bond to primary carbon; alternatively. this carbon has the greater degree of carbocation 
character. 

(b) Synthesis of the ether in Eq. 11.8b would require a secondary alkyl halide and an alkoxide with a- 
substituents. A significant if not predominant, amount of alkene hy-product would be obtained by the E2 
mechanism. 


11.5 The product results from alkoxymercuration of the double bond followed by reduction (by NaBH,) to remove 
the mercury. The net effect is overall addition of the elements of ethanol to the double bond with the ethoxy 
group on the carbon with the greater number of alkyl substituents. 


(CH3)2CHCHCH; 
| 
OCH,CH, 
2-ethoxy-3-methyibutane 
11.6 Because each carbon of the alkene double bond has one alkene substituent, there is no strong preference for the 


reaction of methanol at either carbon of the resulting mercurinium ion. Consequently, two constitutional 
isomers of the product ether are formed. 
OCH, OCH; 
| | 
CH;CH;CHCH;CH; + CH,CH,CH,CHCH, 


A-methoxy pentane 2-methoxypentane 


(The same result would be obtained regardless of the stereochemistry of the alkene starting material.) 


11.7 (a) Cyclohexene is subjected to oxymercuration in cyclohexanol, and the product is then reduced with 


NaBH: 
HO 1) наоко; 


dicyclobexy! ether 
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(b)  lsobutylene (2-methylpropene) is subjected to alkoxymercuration in isobutyl alcohol. and the resulting 
organomercury compound is reduced with NaBH.. 


1) Ha(OAc); 
2) NaBH, NaOH 
(CHj;C — CH; + HOCH,CH(CHg; ——— ——— — | (CH34C— OCH;CH(CH;); 
isobutylene isobutyl alcohol tert-butyl isobutyl ether 
11.8 If we start with two primary alcohols, ROH and R'OH. we would expect them to have similar basicities and 


similar nucleophilicities. Each alcohol could react with cach protonated alcohol. Consequently, three possible 
products would be formed: R—O—R, R^—O-—R. and R —O-—R'. None of the alcohols would be formed in 
very high yield, and separation of the products could be quite laborious. 

The reason we can let a tertiary alcohol react with a primary alcohol to give an unsymmetrical ether is that 
the tertiary alcohol forms a carbocation in acidic solution mach faster than cither it or the primary ether react by 
the S42 mechanism: and, once the carbocation is formed. it is rapidly consumed by its Lewis acid-base 
association reaction with the large excess of primary alcohol that is present. 


11.9 The carbocation formed from the tertiary alcohol reacts with ethanol to give the following ether: 
OCH,CH; 
CH; 


11.10 (a) Use the discussion in Study Guide Link 11.2: What alkene would give the same carbocation as the 
starting alcohol in Problem 11.9? 


i CH; | 
H,S0, + Ch CH,CH,OH n 

m e 4 LI HSO; Eun nd] uS (Ге T2 H;SO, 

Ll 


carbocation intermediate 


11.11 (a) Because this ether is symmetrical, and because both alkyl groups are primary, alcohol dehydration is the 
appropriate method. This ether can be prepared by treating CICH;CH «OH (2-chloroethanol) with H:SO, 
at high temperature. 

(b) Because this is an ether with one tertiary alkyl group and one methyl group, it can be prepared hy 
dehydration of the tertiary alcohol in the presence of methanol, or by acid-catalyzed addition of methanol 
to either of two possible alkenes. 


OH OCH, 


CH4CCH;CH; or H;C pm CCH;CH; or CH,C = CHCH; nd СНОН HS0, CH34CCH;CH; 
| 
CH; CH; CH; CH, 
2-methy!-2-butanol = 2-methyl-1-hutene 2-methyl-2-butene 2-methoxy-2-methylhutane 


(c) — Alkoxymercuration-reduction of isobutylene using isopropyl alcohol as the solvent in the 
alkoxymercuration step is preferred. (Acid-catalyzed addition of isopropyl alcohol to 2-methylpropeme 
might also work.) 
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1) Hg(OAc); 
(CH3;CHOH + (СН;),С — CH; aN... (CH4&C — OCH(CH;), 
isopropyl alcohol tert-butyl isopropyl ether 
(solvent) 


(d) — Dibutyl ether. CHiCH;CH;CH;OCH;CH;CH;CH,. is а symmetrical ether that can be prepared by the 
acid-calalyzed dehydration of 1-butanol, CH4CH;CH;CH:OH. 


11.12 (a) (Б) (с) (d) 


A. 4 PN 
с=с. $ A 


H `H H сн, 


In part (b). the stereochemistry of the product and the net syn-addition dictate the stereochemistry of the alkene 
starting material. 


in part (c). the stereochemistry of the product and the net syn-addition dictate the stereochemistry of the alkene 
starting material. 


11.13 (a) (b) 


A 
о 


CH CH; © PS C N. H 
(the racemate) 


11.14 The key to solving this problem is to realize that. in order for epoxide formation to occur. the oxygen of the 
conjugate-buse alkoxide must be anti to the bromine in the transition state so that it can execute a backside 
substitution. Draw each of the stereoisomeric alkoxides in such a conformation and evaluate the relative 
energies of the resulting transition states. 

In the transition state for the reaction of the alkoxide conjugate base of A there are two significant gauche 


interactions (brackets). 
as 


0. HaC н 


с 
HT CH, 
HC” NH H CH; 


* Br B 
(2R.AS) diastereomer (.1) 


(or its enantiomer) 


the transition-state conformation 
is the most stable conformation 


The transition-state conformation is very close to the most favorable conformation of A. The transition-state 
conformation of В, however, has three significant gauche interactions, but its more stable conformation has two 
(brackets). 
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4 
А + Br в S в 
(2R3R) diastereomer (5) 


(or its enantiomer) transition-state most stable 
conformation contormation 


Consequently. isomer B must gain additional energy associated with a methyl-methyl gauche interaction in 
order for it to react. This represents an additional component to the activation free energy of B that is not 
present in the reaction of A. Consequently, the reaction of A is faster. 


As in the solution to Problem 11.14. the alkoxide oxygen and the halogen leaving group must he anti in the 
transition state. This anti relationship is possible in a chair conformation only in the reaction of the trans 
stereoisomer (see Eq. 11.23 on text p. 521). In the cis stereoisomer, such an anti relationship is not possible. 
Because the cis stereoisomer cannot achieve the appropriate transition-state conformation for epoxide 
formation, it is unreactive. 


Д2 NONO Д 


cis-2-chlorocyclohexanol 
(conjugate-base alkoxide) 
trans-2-chlorocyclohexanol an anti conformation is not accessible 
(conjugate-base alkoxide) 
an anti conformation is accessible 


(a) In the protonated ether (see Eq. 11.28, text p. 523. for a typical protonation reaction) the iodide ion can 
react as a nucleophile at either the carbon of the methyl group or the a-carbon of the butyl group. 
Because this is an S42 reaction. and because S42 reactions of methyl compounds are faster than those of 
butyl compounds (why?), the nucleophilic reaction occurs at the methyl carbon to give methyl iodide and 
l -hutanol. 

(b) Because alcohols react with НІ to give alkyl iodides, the initially formed |-butanol would be expected to 
give l-iodobutane. 

(c) Тһе discussion in Sec. 11.4 of the text indicates that the cleavage reactions of tertiary ethers, which are 
Syl reactions, occur under milder conditions than the Sy2 cleavage reactions of methyl and primary 
ethers. Hence, cleavage of the protonated ether occurs so as to give the zert-butyl cation and methanol. 
(See Eq. 11.29 on text p. 523 for the mechanism of a similar reaction.) The Lewis acid-base association 
reaction of iodide with the terr-butyl cation gives tert-butyl iodide. 

(d) Tertiary ethers and sulfides cleave by an Syl mechanism. The rate-limiting step in S41 reactions is 
formation of the carbocation by Lewis acid-base dissociation. The rate of this dissociation reaction is 
proportional to the concentration of the reacting species—in this case, the conjugate acid of the ether or 
sulfide. Because sulfides are much less basic than ethers (Sec. 10.1E, text p. 457), the concentration of 
the reacting species is much smaller in the case of sulfides. Consequently, sulfides are less reactive than 
ethers toward acid-promoted cleavage. 

(e) This case speaks to the balance between Syl or 542 cleavage of an ether at a secondary alkyl group vs. 
S42 cleavage of the same ether at a methyl group. Notice that the asymmetric carbon (*) is the a-carbon 
of the ether in the secondary alkyl group: 


CH,CHCH,CH, нё" — CH,CHCH,CH, 
! - n el 
:OCH; Hn OCH, 


conjugate acid 
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11.17 (a) 


(b) 


Thus. optical activity serves as a barometer of what is going on mechanistically at this carbon. If 
cleavage of the conjugate acid occurs by a nucleophilic reaction of Вг at the sec-butyl group by an S42 
mechanism, or even by an Sy] mechanism. the product would be sec-butyl bromide and methanol. and 
the product would be optically active with inverted configuration. (An Syl mechanism would be 
expected to show significant inversion; see Fig. 9.13 on text p. 426.) Neither the configuration of the 
products nor their identity fits the data. Hence. this cannot be what is happening. 

Finally. if bromide ion reacts at the methyl carbon of the conjugate acid. then the products would be 
methy! bromide and optically pure 2-butanol with retained configuration. The observations are 
consistent with this prediction. 

For completeness. we should consider Sx] cleavage of the conjugate acid at the methy! group: but 
this reaction would require the formation of *CH;. a very unstable carbocation. This can be rejected on 
the basis of what we know about carbocations. 


Diisopropyl ether reacts initially to give isopropyl alcohol and isopropyl iodide by either an Spi or S42 
mechanism, or by both mechanisms operating simultaneously. Once the alcohol is formed, it reacts with 
concentrated HI to give isopropy! iodide as well. Therefore, the product is isopropyl iodide. 


(CH,),CH—O—CH(CH;), — X =. (cuy,cH— OH + | —CH(CHj, 


diisopropyl ether Ht (cone) | 
This tertiary ether reacts rapidly by a carbocation (Syl) mechanism to give. initially, the tertiary iodide 
and ethanol. The ethanol subsequently reacts more slowly to give ethyl iodide. 


OCH,CH, 


HI (conc.) | HI (conc) 


| 

CH;C — CHCH, —— CH4C — CHCH; + HOCH;CH; ===» ICH;CH; 
| | 

CH; CH; Сн, CH, 


2-ethoxy-2.3-dimethylhutane 


11.18 Under basic or neutral conditions under which the epoxide is not protonated, the nucleophiles react at the 
carbon of the CH; group. The configuration of the asymmetric carbon is not affected because no bonds to this 
carbon are broken. 


(a) 


(b) 


r ji 
ZN нн proton transfers 
Г ew He ER ЊО" Уон 
(CH3;CH (CHj;CH — | (CHCH — | 
NH, NH; 
О, (d ROH M 
e, Na’ N, (А = C; Hs or H) M 
нс—2— CR, — HC eu —_ њс ~ + Ма RO 
У £ -112 proton transfers 4 aid 
CH4CH; CH4CH; | CH;CH, | 
3 №; 


11.19 The strategy in this problem is to let the —OH group originate from the epoxide oxygen. In the starting 
material, this oxygen must be attached to the same carbon as the —OH group in the product as well as to an 
adjacent carbon; the nucleophile becomes attached to the adjacent carbon. To summarize: 
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(a) 


(b) 


(a) 


(b) 


(a) 


SOLUTIONS TO PROBLEMS • CHAPTER 1: 321 


T | à 
R—CH—C—X => леде +: 
| H 
| „он 
^ + = 
S + ne ons Z0 


А он 
CHyICH,).—/ М + Nat -см SOH cHCH,),CHCH,—CN 
H 


SCH; 


The strategy outlined above suggests another possibility: 


Р он 
CHCH- ^ NON + нт а "ÉL. CH,CH,),CHCH,—CN 
H H hydride 
ion 


If you came up with this idea, you are reasoning correctly. However. every good idea has to be 
tempered by practical reality. In this case, the strategy will not work because the most common 
source of nucleophile hydride, LiAIH, (lithium aluminum hydride), also reacts with the cyano 
(CN) group. 


The nucleophilic reaction of methanol ор the protonated epoxide occurs with inversion to give (3S.4R)-4- 
methoxy-3-hexanol: 


бн он н OH н 
„2—6 = lc Hs =— Y c- CHs + CH.OH 
сонгу “Н CH, x CoH x iar"? 
H С.н, H H „Осн, H :0CH; 
CH;0H V (3SAR)-4-methoxy-3-hħexanol 
CH;OH 


(You should verify that the nucleophilic reaction of methanol at the other asymmetric carbon of the 
protonated epoxide gives the same result.) 


The enantiomer of the epoxide in part (a) gives the enantiomer of the product formed in part (a), (3R.45)- 
4-methoxy-3-hexanol. (Verify this by writing the mechanism.) 


Under acidic conditions, the nucleophilic reaction of water occurs at the carbon of the epoxide ring with 
the methyl substituents (on the protonated epoxide); consequently, the OH group at that carbon is 
enriched in '*O. In basic solution, the reaction of hydroxide occurs at the CH; carbon of the epoxide. and 
the OH group at that carbon is enriched in '“O. (О = '*O.) 
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" OH ÓH OH OH 
г reaction of OH | | ME 
H.C =~ onthe epoxide (CH; C — CH, (CH) — Ch, 
reaction of Н-О on the е ROREM 
protonated epoxide occurs hee CH, product af produci at 
base-catalyzed acid-catalvzcd 
hydrolysis hydrolysis 


(b) Inversion of configuration would occur at the carbon of the epoxide (or protonated epoxide) at which the 
nucleophilic reaction occurs. (The nucleophilic oxygen is labeled with an asterisk.) 


е) HO H НС OH 
$ | 27 бек К 
D;C B ос он HO D 
product of product of 
base-cataly zed acid-cataly zed 
hydrolysis hydrolysis 


11.22 (a) 


О О* 
CH,CH;CH— MaBr + / \ —— – 20 CH,CH,CH— CH,CH,OH 
| 


| 
CH, CH; 


3-methyl-1-pentanol 
(b) When an epoxide is opened by an organometallic reagent. the OH group of the product alcohol is on the 
carbon adjacent to the carbon that is the electrophilic target of the "carbon anion" from the organomet- 


allic reagent. This strategy reveals two choices for possible reagent combinations, with the alkyl groups 
that could be provided by the complex organocuprate shown in boxes 


OH 


[CH cH, ¢— c FOREREOR] 
| 
Q сњ y 


3-ethyl-3-heptanol 


A ja h A 
(CH,).Cu(CN)Li, hs H;C — C—CH;CH, : (CH4CH;);C — CH, + (CH4CH;CH;);Cu(CN)Li; 


CH,CH,CH,CH, 
11.23 (a) (b) 
H H 
њос с 
/ \ 
Ph CH; 
(racemate) 


The racemate is formed in (b) because the phenyl (Ph) group can react at cither asymmetric carbon with equal 
probability. Because the epoxide is a meso compound. and is therefore achiral, chiral products must be formed 
as racemates. 
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(a) 
CH; OH OH 
NMMO. H 
Ж. Os0, (e) " | | сн, 
1-methyicyclopentene (racemate | 
(b) 
H CH3 мимо но нор д 
ted шыш, У „бн 
/ N / \ 
ње H H;C OH 
trans-2-butenc (x)-2.3-butancdiol 


(the racemate) 


(a) The alkene required is 4-ethoxy-1-butene. CH:CH;OCH;CH;CH—CH:;. 


(b) (с) (4) 
CH; CH3CH;CH; CH;CH;CH; CH3CH;CH; H 
[f \ / NS conf 
/ N / N 
methylenccyclobutane H H H CH;CH;CH; 


cis-4-octene trans—t-octene 


323 


In part (с). the syn-addition of two identical groups—in this case. OH groups—to a symmetrical cis-diene gives 
a meso diol. Alternatively. in раи (d), the syn-addition of two identical OH groups to a symmetrical frans-diene 
gives a racemic diol. Be sure to analyze these additions in detail if these points are not clear. (Sce Sec. 7.9C for 


a similar type of analysis.) 


This mechanism is much like the one shown for OsO, in Eq. 11.48a, text p. 532. A cyclic electron flow that 


gives either of the resonance structures of the cyclic intermediale is correct. 


(e А, бг o, 36: 
permanganatc М о VS Be 7 М 
ion 2STX Mn Mn ? м 
о :0: —»- о у ч >» o^ Yo: -—— ON / 0: 
kJ NS. \ 
R;C аа CR; R;C Bj CR; R;C = CR; R;C — CR; 
(a) (c) 


| CH=0 
+ CHCH, CH=0 


(b) The products are phenylacetaldehyde. PhCH =O, and formaldehyde. OCH). 


(a) (bi 
OH 
OH 
(CH3;C x] 
HO OH 
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11.29 Because iodide ion is a good nucleophile and the trimethyloxonium ion is an excellent alkylating agent. 
alkylation of the iodide ion occurs to give dimethyl ether and methyl iodide. 


{\ 


(CH40--Ó4, “їг — (снб + нс]: 


trimethyloxonium iodide dimethyl ether methyl iodide 


11.30 In each case. a nucleophile reacts with a methyl group of the oxonium salt, expelling dimethyl ether as a leaving 


group. 
(a) (b) 2 
^L) + e AE ert 
TN _ 
| BF, 
CH, 


11.31 An acid-base reaction must precede every methylation to reveal a lone pair of electrons on the nitrogen to make 
them available for an S42 reaction with the methyl group on SAM. 


н e "m S 


jM каг ЖЕ R—NH, Cay — R— ME cH, „ e R—N— CH, 
i р : р : 
SAM N-methylysine 
R' BC ж 
R— боз kes —- R ү + el Kn R—-ÑN— CH, 
m Р m Yke ln 
N-methyllysine SAM N, N-dimethyllysine 


11.32 The intramolecular product tetrahydrofuran results from an internal nucleophilic substitution reaction of the 
alkoxide on the alkyl halide. The intermolecular product 1.4-butanediol results from the S42 reaction af 
hydroxide ion with the alkyl halide. 


HO—CH,CH,CH,CH,—Br He С ) of HO—CH,CH,CH,CH,— OH 
0 
4-bromo-1-butanol 1,4-butancdiol 
tetrahydrofuran (the intermolecular 
(the intramolecular substitution product) 


substitution product) 


To form the cyclic product tetrahydrofuran, OH must react with the alcohol to ionize it: the conjugate base 
anion of the alcohol then cyclizes in an internal substitution reaction. In contrast, to form |.4-butanediol. OH 
must react with the alkyl halide in an S42 reaction. Ionization reactions are much faster than S,2 reactions; and 
once the ionization has occurred, the cyclization, because it is intermolecular, is much faster than the S42 
reaction between hydroxide and the alkyl halide. Hence, tetrahydrofuran would be the major product. 

Another reasonable intermolecular possibility you may have considered is following: 


HO— CH,CH,CH,CH,— Br. — 9". HO— CH;CH,CH,CH; — 0 — CH;CH;CH;CH; — Br 


4-(4-bromobutoxy}-1-butanol 
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To form this product, ionized 4-bromobutanol must react with the alky] halide "end" of another molecule of 
4-bromobutanol in an Sy2 reaction. Because such a reaction is bimolecular. the intramolecular reaction of the 
same ion to give tetrahydrofuran is much faster. 


Because the AH?! of the two reactions is the same, the difference in AG® is the negative of the difference in the 
TAS**: 


AG?! — AG?*, = T(0.180 — 0.030) = 44.7 kJ mol! 
Reaction В has the higher AG", To convert this different into a relative rate. apply Eq. 9.20b: 


rate иі 69 12:308 
A = 10/262 AG, 1/2. Li 26 x10! 
rate , 


In other words, reaction A is about 70 million times faster than reaction B. 


(a) The formation of product A "freezes" fewer bond rotations. and therefore has the less negative entropy of 
activation. This would make the formation of product A faster, except for the fact that it has more 
strain—that is, a greater enthalpy—than product В. Which product is formed more rapidly depends on 
the balance between the entropy and enthalpy of activation. 

(b) The first reaction is a bimolecular reaction. whereas the second is an intramolecular reaction. Forming 
the transition state of the first reaction requires "freezing" the translation of one molecule relative to the 
other, whereas forming the transition state of the second reaction requires no freezing of translations. 
Because the bond changes in the two reactions are about the same, we suspect that the second reaction 
will be much faster because its AS™ is less negative (or more positive). 


(a) Тһе 502 mechanism with OH as the nucleophile: 


HO) 0 T 
HC—CH——0- Na” —> H,C—CH—C—O Na + :Br 


(b) The intramolecular reaction mechanism. in the rate-limiting step. results in an unstable intermediate 
called an a-lactone. 


EL О: 
4 Р УА 
HC—CH—C-0 Ng H.C—CH—C—0 


эы; an a-lactone 


The a-lactone reacts rapidly with OH in another 5 42 reaction: 

(x :Ӧг 
:0: 

les | 

HC—CH—C—0 —»- HjiC—CH—C—O 

P | 

Vae :OH 

(c) The proximity effect is 


k dmg 
Šis _ 12x10" s — =0.19M 


k, 64x107 M's"! 
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where K, is the first-order rate constant. and kz is the second-order rate constant. This is a rather low 
effective molarity. 


(d) Тһе intramolecular rate law is 
rate, = kV] 


where S is the starting material; and the second-order rate law for the reaction of hydroxide with the alkyl 
halide is 


rate; = k-[S] OH] 


From the ratio of the two rate constants calculated in part (c). the two rates are the same when [ OH] = 
0.19 M. 


(e) The ratio of the two rates, rate»/rate;, in | M NaOH is 1.0/0.19 = 5.3. Therefore. the second-order 
reaction accounts for about 84% of the product in 1 M NaOH. 

(f) Тһе carbonyl carbon ideally has bond angles of 120°. When it is forced into a 3-membered ring, its 
orbitals have to be "bent" to accommodate an interatomic angle closer to 60°. In an epoxide. a saturated 
carbon atom has a preferred bond angle of 109.5°. Consequently, there is more angle strain in the a-lac- 
tone: this accounts for its greater instability. The instability of the a-lactone intermediate is the reason 
that the intramolecular reaction has a rather small effective molarity despite its entropic advantage. 


An analysis identical to the one shown in Study Problem 11.6. text pp. 547—548. results in the following 
episulfonium ion, which is the diastereomer of the one shown in Eq. 11.686. 


сн, 


| 
V | р 
DR i — pe „Н 4 НУ 
\ E Y 
H V H transfer H :0H HO: 
H;Ó product from product from 
substitution at C-2 substitution at C-3 
ü meso compound i 


L -| enantiomers} | 
In this case, however, the episulfonium ion is meso and therefore achiral. The nucleophilic reactions of water at 
C-2 and C-3 give enantiomers. which must be formed in identical amounts. 


The intramolecular mechanism shown in the solution to Problem 1 1.35(b) indicates that two inversions of 
configuration, which is equivalent to net retention of configuration, occur at the same carbon in reaching the 
final product. Because this mechanism predominates at low NaOH concentration, its stereochemical 
consequences—retention of configuration—are manifest under the same conditions. As the NaOH 
concentration is increased, the intermolecular conventional S42 mechanism takes over and becomes the 
predominant one at high NaOH concentration. In this mechanism, inversion of configuration is expected and is 
observed. 


If intramolecular participation occurs, an intermediate episulfonium ion is formed. In this ion. the two carbons 


in the three -membered ring are equivalent and indistinguishable except for the label. The reaction with water is 
equally probable at each of these carbons. Consequently, 50% of the label ends up at each carbon. 
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Сн, 
| e^ - m 
w (35° ja C2H<S: E. H SCH; 
mi нё: _ =) Hahr А + 
Ha A wu SR He C + A H HQ 
н BÀ koH transfer H OH HO: 
нб: 4 (50%) В (50%) 


If. however. water reacts as a nucleophile directly at the labeled carbon to displace the chloride ion in a 
conventional Sy2 reaction. an episulfonium ion would not be involved, and the label would not scramble. That 
is. product А would form exclusively. 


11.39 The two reactions proceed through a common episulfonium ion intermediate that results from an intramolecular 
substitution of the protonated OH group by the sulfur. 


mue NA E cs 
Qi: С29:5— CH — CH;— OH; ST 
j en " „> Н d ww —> сонну сн —@: 
бє CHS сн, сн бн, — сњ CH; 
m + нф 


Evidently. the nucleophilic reaction of the chloride ion with this intermediate takes place at the carbon with the 
methyl substituent. Because the same intermediate is formed in hoth reactions, the product is the same. 


A separate question is why the chloride ion should react only at the more branched carbor. The 
cyclic intermediate is much like a protanated epoxide (or a bromonium ion or mercurinium 
ion); hence. the nucleophilic reaction of chloride ion accurs at the more branched carbon for the 
same reason it docs in a protonated epoxide. (See discussion of Eq. 11.34b оп text p. 526.) 


11.40 (a) Lengthening a carbon chain by two carbons is required: what better way than the reaction of a Grignard 
reapent with ethylene oxide? 


1) BH, THF 
(CH;),C=CH, 2-99 9" X. (сн уснсн,он EMSS (CH). CHCH,Br k= 
2-methylpropene isobutyl alcahol isobutyl bromide 


0 
1) P 1) KMn0,/NaOH 


2) но 2 Ho* 


(CH3),CHCH,MgBr (CH;),CHCH,CH,CH,OH n (CH3)2CHCH,CH2CO.H 


An alternate synthesis of isobutyl bramide is to treat 2-methylpropene with HBr in the presence of 
peroxides. 


(b)  Oxidize the isobutyl alcohol, which is obtained in the hydroboration—oxidation reaction in part (a). 
1) KMnO,/NaOH 


7 . 
(CH,),CHCH,OH E> (cH), CHCO,H 


isobutyl alcohol 
from part (a) 
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(c) Тһе sulfone must be obtained by oxidation of dibuty! sulfide: and the sulfide is obtained from the S2 
reaction of the thiolate conjugate base of 1-butanethiol with 1-bromobutane. 


нё CKO 


CH;CH,CH;CH, —SH — cuo, > CH;CH;CH;CH; — g= yat енен 


О 
2H;0; i 
CH4CH;CH;CH; — S Ti CH;CH;CH;CH; ==: CH4CH;CH;CH, — S — CH,CH,CH.CH, 
l 
0 


dibutyl sulfone 


id) The approach is similar to that used in Study Problem 11.8 on text p. 554. except that a carbon-carbon 
bond is formed in this case: a complex organocuprate is used for this step. 


H 
н 1) (CH,),CuCNLi, OH 
C7 mCPBA dit o 2—0" NaH 
H H 


CH; 
H H 
C Nd cuc OCH;CH; 
TCH H 
OC? Hs OC? Hs 
(£)-trans-1-ethoxy- 
2-methylcsclopentane 
I4]. (a) (b) (c) 
Py. CHOH HY H 
H C—C <= CH,OH HyC~ С ССН; С=с 
Ph ` „ы E c—t 
0 dra сњ fH SCCH;OH 
H 
с=с 
HG fn / \ 
/ \ 
H H 
11.42 (a) 
H £ H 
{-}-DET 
THOPr)a \ -0 
CH;OH  (cHjC—0—0H | Cn 
m H CH;OH 
2 ТҚОФРт) 
Y ИРЕ, (Сну,С— O — OH _ "Ae C CH,CH;CH;S Ма 
Poga S (DT ^ H 5 Онон сон 7 
CH;CH; Сн, CH4CH; CH; 
H, Он 
Сн;Сн;.\ / 
Шш д. ~= CHOH 
CH4CH;CH;S н, 
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(a) А substituent that is cis to the —CH:OH group points back into the catalyst, and the resulting steric 
repulsions can either reduce the binding affinity of the compound for the catalyst. or. more likely. push 
the alkene group out so that it is not optimally aligned with the peroxy —OH group for epoxidation. 

(b) The same phenomenon would he observed with (—)-DET. because the catalyst is enantiomeric to the one 
formed from (4)-DET and the alkene is not chiral: hence, the same energetics should apply. 


Solutions to Additional Problems 


(a) Two of the many nine-carbon ethers that cannot be prepared by the Williamson ether synthesis: 


CH. Сн, CH; CH; 
ње 6—00 CHCH, HjC—C—0-— CH,— C— CH, 
m m сњ бн, 
2-methyI-2-tert-hutoxybutanc tert-butyl ncopentyl ether 


The Williamson ether synthesis involves an Sy2 reaction hetween an alkoxide ion and an alkyl halide or 
sulfonate ester. Thus, one of the alkyl groups of an cther to he prepared hy the Williamson synthesis 
must be derived from an alkyl halide that will undergo the S42 reaction. The foregoing ethers contain 
only tertiary and neopentyl alkyl groups. and neither tertiary nor neapentyl alkyl halides undergo the S42 
reaction. 


(b) Апу ether containing only methyl or primary alkyl groups is a correct answer. Two of several possible 
examples are CH,O(CH,),CH, (methyl octyl ether. or 1-methoxyoctane) and CH,(CH»),0(CH+),CH, 
(butyl pentyl ether, or 1-butoxypentance). 


(c) Because the alkyl halides formed are in the same molecule, the ether is cyclic: 


- 


O 


tetrahydrofuran 


(d)  Dipropyl ether (CH,CH,CH,),0. would give propyl bromide as the only alkyl halide. 


(e) Each of the following alkenes would give diastereomeric glycols as a result of the different syntheses. 
The KMnO, treatment would give meso-2,3-dimethyl-2,3-butanediol from cis-2-butene and would give 
(X)-2.3-dimethyl-2.3-butanediol from trans-2-butene; the epoxidation-hydration sequence would give 
the opposite results with the two alkenes. The KMnO; treatment would give cis-1.2-cyclobutanediol 
from cyclobutene, and the epoxidation-hydration sequence would give trans- 1,2-butanediol. 


HC Сн; H f" 
с=с с=с 
/ N / AS LI 
H H Hic H cyclobulene 
cis-2-butene trans-2-butenc 


(f) 1-Butene, H:C—CHCH:CH,. gives racemic 1,2-butanediol with either reagent. 


(g) — Since the alkene has an unsaturation number = 3 and forms di-epoxides, it must also have a ring. 


(3 gives ( Yo and < у + «(у 


1.3-Cyclohexadiene is пога correct answer because it gives two stereoisomeric mono-epoxides and three 
stereoisomeric di-epoxides. 

(h) А correct answer must be an alkene that gives a glycol that cannot exist as diastereomers. The alkene 1- 
hexene (H:C-—CHCH:;CH:CH;CH4) is one such compound. 
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11.45 (а) (b) (c) 
О O О 
| | к.А 
CH4(CH2,— S — (CH,),CH; CH4(CH;), — 5 — (CH;);CH; СНСН "7 NC CH;CH; 
| H H 
dibutyl sulfoxide ге 


cis-2 3-diethyloxirane 
dihutyl sulfone 


(d) (e) (0 
d ^ 
Hec бе. _ EF 
T E3 CH;CH; 7 = CH;CH, (2 equivalents) 
Hic H HO H 
(E HGR*,AR*)-4-methyl-3-hexanol (£-(3R*AR*)-3A-hexanediol 


ре The asterisks in the name indicate relative rather than absolute configurations. In the case of 
parts (d) and (с). the (3R*,4R*) notation means that the two carbons have the same config- 
| l uration: if one carbon is R. the other is also R: but if one is S. the other is also S. This notation 
tells us which diastereomeric pair we are dealing with. (See also Further Exploration 6.2 on p. 

148 of this manual fcr a discussion of the same notation in another context.) 


(g) (h) (i) 
в Jens OH OCH; 
\ 
H,C H CH, CH; 
(£)-(AR * AR *)-3-methoxy- (£)-3-methyl-3-hexanol (+)-3-methoxy- 
4-methylhexunc 3-methyl-3-hevane 


0) All of the compounds in this sequence have the R configuration at the asymmetric carbon. (The 
configuration of the asymmetric carbon is not shown explicitly because it is not affected by the 
sequence.) In the last step. the alkoxide produced from the Grignard reaction is not protonated with 
НО“, as is usual. but rather is alkylated directly with CHl. 


о 
BrCH,CH,CHCH,CH, 290-2  BrMgCH,CH;CHCH;CH; FAT 
m CH; 
(R)-1-bramo-3-methylpentane 
BrMg OCH,CH,CH,CH,CHCH,CH, —°°—'» CH,OCH,CH,CH,CH,CHCH,CH, 
i CH, 


(R)-1-methoxy-5-methylheptane 


11.46 — Itis assumed that the starting material is racemic. As an additional exercise, you should consider the 
stereochemical course of the reactions if the starting material is a single enantiomer. 
О 
Н.С 
CH4CH; 


2-ethyl-2- methylosirane 
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(a) and (b) 


CH;CH,CCH,OH 
| 
сн, 


uai (g) 


CH,CH,CCH;OCH; 
| 
Сн, 


0) 
| 1] 
CH,CH,CCH, + CH; 
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(c) (d) (e) 
OH OCH; OH 
| | 
CH4CH;CCH;OCH, CH4CH;CCH;OH CH4CH;CCH;CH, 
| | | 
CH; CH, CH, 
(h) (1) 
Br ro OCH, 
| | 
CH,CH,CCH;OH CH,CH,CCH,OCH, CH,CH,CCH,OCH,CH, 
| | | 
Сн, Сн, Сн, 
(k) (1) 
MgBr "add 
CH,CH,CCH,OCH; CH4CH;CCH;OCH; 
| | 
CH, CH, 


Because the C—S bond is weaker than the C—O and C—C bonds, and because a thiolate ion is less basic than 


an alkoxide ion or carbanion. the thiirane (the sulfur compound) reacts most rapidly. 


The first reaction. opening of the epoxide, should occur most rapidly. because the epoxide is considerably more 


strained than tetrahydrofuran. It is the ring strain that causes epoxide opening to he sa fast. 


3-Ethoxypropene undergoes bromine addition, and therefore decolorizes a solution of Br; in an inert 


(b)  l-Pentanol. the alcoho). is fairly soluble in water, whereas the ether is not. Alternatively, the alcohol 
evolves H, when treated with NaH or Na, or evolves methane (СН) when treated with the Grignard 
reagent CH;MgBr; the ether, which has no O—H group. does not. 


(c) — I-Methoxy-2-chlora-2-methylpropane. a tertiary alkyl halide. undergoes the Syl reaction on gentle 
heating in a protic solvent such as aqueous acetone. This results іп an acidic solution of aqueous НСІ, the 
formation of which can be detected with litmus paper. Alternatively, the chloride ion produced can be 


њо | 
CH40CH;CCH, == CH,0CH,CCH, 


Cl OH 


+ HCL P жа 


CH, CH, 


I-methoxs-2-chloro- 


The first compound, |-methoxy-2-methylpropane. is not an alkyl halide and therefore does not undergo 


11.47 

11.48 

11.49 (a) 
solvent: |-ethaxypropane does not. 
precipitated with silver ion. 

2-methylpropane 

any of these tests. 

11.50 


Epoxides add НСІ to give neutral chloro alcohols. This reaction is so fast and so favorable that HCI can be 


quantitatively (that is, completely) removed hy adding 2-methyloxirane to a reaction mixture. 


о с 
| 
pA + HCl — H,C—CH—CH,OH 
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(b) 


(a) 


(b) 


(а) 


(b) 


(c) 


Sodium ethoxide reacts with water to give ethanol and sodium hydroxide. Although the pK; values of 
water and ethanol are similar. water is present in excess because it is the solvent. and the equilibrium 
therefore favors sodium hydroxide. Consequently. the alcohol (CH4):)CHCH;CH:OH rather than the 
ether will be formed as the major substitution product. 


Na C;H,O7 + H;O == Na’ OH + С,Н;он 


solvent; reacts with 
in large excess the alky! halide 


Another problem is that the alky! halide is insoluble in water. This insolubility makes any reaction that 
does occur very slow because the concentration of alkyl halide is limited to the very small amount that 
will dissolve. Changing the solvent to ethanol would solve all of these problems. 


The alkyl halide from which the Grignard reagent is formed is also an alcohol. Because alcohols react 
rapidly with Grignard reagents in Bronsted acid-base reactions. the Grignard reagent will be destroyed. 
(See Eq. 9.69, text p. 432.) 


2-Pentanol cannot be prepared ћу the reaction of a Grignard reagent with ethylene oxide, because this 
method can only be used for the preparation of certain primary alcohols. 
1-Pentanol, a primary alcohol. can be prepared by the reaction of propylmagnesium bromide with 
ethylene oxide followed by protonolysis. 
0 

1) £ à 
2) 4,0° 
CH43CH,CH;— MgBr — CH4CH;CH; — CH;CH;— OH 


I-pentanal 


Reaction of ethylene (H,C=CH),) with O«O, in the presence of water pives ethylene glycol 
(HO—CH;CH;—OH). This compound is achiral and thus cannot be resolved into enantiomers. 

The reaction of OsO, with any alkene is a syn-addition. The reaction with cis-2-butene gives meso-2,3- 
butanediol. Because meso compounds are achiral, this compound cannot be resolved into enantiomers. 


HC CH; 1) 0s0, HO OH 
Y ж б 2) NaHSO,. H,0 _ | dh d 
ЪТ HOT, 0N v 
H H H H 


meso-2.3-butanediol 


In contrast, the syn-addition of two OH groups to frans-2-butene gives (+)-2,3-butanediol, that is, the 
racemate. Any racemate can in principle be resolved into enantiomers. 


HC н тоо, HO он 
PO d 2) NaHSO, HO _ . 798 
тє dmm. acc rH 

H CH; H CH; 


(+}-2,3-butanediol 
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(d) The syn-addition of two OH groups to cis-2-pentene gives (+)-(2R *.25*)-2.3-pentanediol—that is. the 
racemate of 2.3-pentanediol in which the two asymmetric carbons have opposite configurations. (See the 
solutions to Problems 1 1.45(d)-(e) for an explanation of this notation.) Because this compound is a 
racemate, it can be resolved into enantiomers. 


HC CHOH; жей, HO OH 
№ o d 2) NaHSO, H30 - 5 в 
7C ње CHRON; 
H H H H 


[*)-2R*.,35*)-2.3-pentanediol 
(the 25,3R enantiomer is shown) 


This outcome is different from that of the reaction in (b) because cis-2-butene and 2,3-butanediol have 
symmetry not present in cis-2-pentene and 2.3-pentanediol—that is, no meso stereoisomer is possible in 
2.3-pentanediol. 


11.54 Because the hydroxide ion reacts with an epoxide at the CH; group. the configuration at the asymmetric carbon 
is unaffected. Consequently, (+)-2-methyloxirane has the А configuration. 


0 OH 
LX | 
H v — CH, + H;O H” (5 CH;OH 
HC ud 
(R)-{+}-2-methyloxirane (R}-(-)-1.2-prapanediol 


11.55 In this reaction the nucleophile (water) reacts at the protonated epoxide at the more substituted carbon with 
inversion of stereochemical configuration. 


о CHCH, 
PA, o Be 
Cease h + Wo ee БС сон 
Ven LL this oxygen 
HC HO — comes from water 
(S)-2-ethyl-2-methyloxirane (R)-2-methyl-1,2-hutancdiol 


11.56 The formula of the product indicates one degree of unsaturation. Because the double bond undergoes addition 
with mercuric acetate, this unsaturation cannot he due to a double bond and therefore is accounted for by a ring. 
As the hint and the molecular formula of the produci suggest, this is an alkoxymercuration reaction in which the 
—OH group from within the same molecule serves as the nucleophile: 


CH, Me, н нс Ch; 
HOCH;CH;CCH;CH —CH, 4. f | NaBH, NaOH _ 
н, 70^ ^CH;Hg(OAc) 0^ "CH, 
C1H4,0 


11.57  Asaresult of this reaction. carbon-2 becomes asymmetric. and diastereomers are formed corresponding to the 
two possible configurations of this carbon. The product with the $ configuration at carbon-2 (compound A) is 
optically active; however, the other product (compound B) is a meso compound, and hence, is optically inactive. 
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ne и 1) Hg(OÀc);, СНОН bai ne и 
м. У CH; 2) NaBH, NaOH Нус ус ед „СНз НС 5 Ch 
7 A A б / 
со H н OCH, CHÓ H CHO н Сон 
(38,45)-4-methoxy- compound 4 compound В 
3-methyl-1-pentene (optically active) (meso: therefore achiral 


and optically inactive) 


Synthesis (1) will not accomplish the desired objective, because the —OH group of the alcohol would be lost as 
water. (See the mechanism in Eqs. 11.13-11.14. text p. 516.) In contrast. synthesis (2) would result in complete 
incorporation of the isotopic oxygen into the ether. Because this is a conventional Williamson synthesis. the 
carbon—oxygen bond to the ring is not broken. (See Eq. 11.5. text p. 513.) Consequently, you should advise 
Flaskclamper to use the second synthesis. 


The structures of the compounds without stereochemical detail are as follows. Compounds (2) and (3) аге 
diastereomers: compound (2) is the meso diastereomer. Although we do not know which enantiomer of 
compound (3) is the (4-)-enantiomer, all we need ta know to solve the problem is that it is one or the other. 


H OCH, н OH н OH 
СНО 
Soni 3 Soot HO. ><> on, 
H OH H OCH; 
2.4-dimethoxy-1,3-butanedial I.4-dimethoxy-2,3-butanediol 3,4-dimethosy- 1 ,3-butanediol 
compound (1) compounds (2) * the meso diastercomer; compound (4) 


compound (3) – a chiral disatcereomer 


Because compound (2) is meso, and no meso compound can be optically active, compound (2) = D. All of the 
other compounds are enantiomerically pure chiral compounds and are therefore optically active. Diastereomers 
(2) and (3) would give the same products of periodic acid oxidation: hence. compound (3) = C. Because 
compound (1) is not a vicinal glycol. it would not react with periodic acid: hence, compound (1) = A. Therefore. 
compound (4) = В: and. indced, it would react to give periodate cleavage products that are different from those 
obtained from C (= compound 3) or D (= compound 2). 


(a) Ты is a Williamson ether synthesis by the 8,2 mechanism that gives CHyCH,CH;,—O—CH.CH,; (ethy! 
propyl ether. or 1-ethoxypropane)  Na* Вг. 
(b)  Astrong base with a tertiary halide gives elimination by the E2 mechanism. 


CHiCH;C — CH; +  CH;CH —CCH; 
n on 
2-methyl-1-butene 2-methy!-2-butene 
(c) _ This is an alkoxymercuration-reduction that gives the following ether: 
(CH3;CCH;CH, 
bog: 
2-methyi-2-isopropoxybutanc 
id) This is an epoxidation with retention of alkene configuration: 
pe 
on, t Ses 


Cf 
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(e) 


(f) 


(g) 


(h) 


(i) 


(k) 
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A bromohydrin is formed in the first step. and this is oxidized to an a-bromo ketone by the CrO}. 


OH О 


HO ОЮ, pyri | 
снсн=сн, ——"9 снбн—сн,вг СЕ“ =» CHC — CHBr 


an a-bromo ketone 


The epoxide is opened to a glycol by the acidic aqueous reaction conditions. and the glycol is cleaved as 
it is formed by the periodic acid. 


LA OH о о 


| ll | 
BrCH,CH,CH,CHCH,OH >= 


| 
BrCH;CH;CH;CH * CH; 
This is glycol formation with KMnO,. The syn stereochemistry of the addition and the cis 
stereochemistry of the starting material determine the stereochemistry of the product. which is the 
racemate: 


40. но”. 


m us 
BrCH,CH,CH; 


HO OH 
УХ / 
н UE QUIT 


CH,(CH,),CH, | CHo(CH;SCH;CO;H 


The azide nucleophile opens the epoxide with inversion of configuratian to give the racemate of the trans 


azido alcohol: 
Cr 


The nucleophilic "methyl anion" of the organocuprate reagent opens the epoxide to give the racemate of 
the trans alcohol: 


OH 


№ 


trans-2-methylcyclopentanol 


Sulfide ion displaces one chloride to give a thiolate ion. which then reacts in an internal nucleophilic 
substitution to give the cyclic sulfide tetrahydrothiophene. 


E 


S 


letrahydrothiophene 


A tosylate of one OH group is formed. (Introduction of a second tosylate is much slower because of the 
resulting van der Waals repulsions caused by the introduction of a second large tosylate group.) The 
resulting hydroxy tosylate reacts like a bromohydrin. (Remember, you can think of the tosylate group as 
a "fat halide.") Thus, in base. the OH угоир ionizes to an alkoxide, which undergoes an internal 
nucleophilic substituüon reaction with the tosylate expelled as a leaving group to give an epoxide. This is 
very much like epoxide formation from a bromohydrin. 


HO н HO н о 
^ on CH TsCl 2 7 СН; -он d a 
H OH H OTs H CH; 


meso-2.3-hutanediol 
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Because the starting diol is achiral (it is meso) and the reagents are all achiral, all chiral compounds in 
this reaction scheme are racemates. 


11.61 (а) 
1) HglOAc},, С;њон OCH, 
2) ман, NaOH 
(CH),CHCH — CH, —-——* > (CH,),CHCHCH, 
3-methysi-t-butene 2-cthoxy-3-methyIbutane 
(b) 
OH OC;H; 
| | 
сњсоњсн, SHOH НО, снссн,сн, 
CH, CH, 
2-methyl-2-butanal 2-ethoxy-2-methyibutane 
(c) 
О, 
1 у 
2) н;0* 


(CH,);CCH,Br Mi (CH; CCH;MgBr 


(CH;);CCH,CH,CH,OH 


4.4-dimethyl-1-pentanal 


(d) 
1) А 
вгснусн, ML втмасн,сн, — 9 » носн,сн,сн,сн, mM» 
0 
Na’ Сину" | 
BrCH;CH;CH;CH; IAE. C;HSSCH;CH;CH;CH, “ЧА. C,H,;SCH,CH,CH,CH, 
(e) 


CH, БУ 


3 a ned Уе 


Remember that all chiral compounds, when prepared from achiral starting materials, are racemates. 


CH; 
NMMO, H 
б Ts Os0, Br _ OH 
OH 
H 


(g) 


1) Hg(OAc);. (CH; CHOH 
Q 2." oe 


cyclohexyl isopropyl ether 
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(h) 
A 
HBr ti LA 
1 2) M,0* 
(CH;),CHCH=CH, "> (cu. онсн,сн,вг — (CH; CHCH;CH;MgBr — 2 > 


(CH,),CHCH,CH,CH,CH,OH e (CH,),CHCH,CH,CH,CH—O 


(i) 
le ма“ Сну" 
сњонснсн= сн, 2 CH.CH,CHÓH — Ch, ae 
3-methyl-1-pentene 
OH о 
C CHCHCH —CH,— OCH, A. CH:CH,CHC— CH, OCH; 
CH; CH; 
(i) 
A CH,CH;OH, OCH;CH; 
[1 
(Ch C cH, Pe (chyd eh — e (снус—снон © 
OCH;CH; 
(k) 
1)0, 

н;с=снсна — М8. н,с=снсн;ок: — 93 а. O—=CHCH OEI 

(1) 
ез 
(Сн, 
e Cy CHEM ашны. ee N _ (Jro но наё rd 
LAT 
CH; CH; 
OH 1) Os о 
CHOH . 2)H;0; Н0 , 
An extra equivalent of the organometallic reagent must be added because the first equivalent is consumed 
by its reaction with the OH group. 

(m) 


(--DET 
ТОРІ, 


11.62 (а) Тһе desired compound can be prepared by a ring-opening reaction of (2R.3R)-2,3-dimethyloxirane with 
acidic methanol, because epoxide ring-opening occurs with inversion of configuration: 
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я CH,OH. i (ads 
Htec, u yC 
Hic H ніс OCH, 


(2R.3S)-3-methoxy-2-butanol 


(Be sure to convince yourself that the nucleophilic reaction of methanol at either carbon of the epoxide 
Ting gives the same stereoisomer of the product.) 


(6) Carbon-3, the asymmetric carbon, has the 5 configuration. which is the same configuration that carbon-3 
has in the product of part (a). Consequently. oxidation of the alcoho! product of part (a) gives the desired 


compound: 
HO CH, O CH; 
" ссн Sy. — 
uc осн, осн, 
(2R.3S)-3-methoxy-2-butanol 
from part (a) 


(c) If the OH group can be converted into an ethyl ether without changing the configuration of either carbon. 
the problem will be solved. The Williamson synthesis is a good way to accomplish this objective. 
because it does not break a carbon-oxygen bond. 


HO CH; 1) NaH CH;CH;O CH; 
aeneo 2) CHCl a n 
^C—C —— —— 2C606—GC 
M UN s Ж: 
НС OCH, НС OCH; 
(2R3S)-3-methoxy-2-butanol 
from part (a) 


(d) Because the carbon bearing the ethoxy group is the one that must be inverted, use the ring-open:ng 
reaction in part (a), except substitute ethanol for methanol. Then carry out the Williamson synthesis used 
in part (c) with methyl iodide instead of ethyl iodide. 


A CHOH i oA P ma UA ae pi 
Pau MEC Laan a 
" "4 E IM, = c, H \ H \ 


ње H HC Осн, H.C OC;H, 
(2R.3S-3-ethoxy-2-butanol 


Don't be confused hy the fact that the carbon numbering changes because of numbering conventions. 
Thus. carbon-2 in the alcohol becomes carbon-3 in the product, and vice versa. 


11.63 Compound А is an octene because it undergoes typical alkene reactions and it gives octane on catalytic 
hydrogenation. Compounds C and D аге stereoisomeric glycols. and glycol D is achiral. The only octene isomer 
that would give an achiral glycol is one of the stereoisomers of 4-octene. Cis-4-octene reacts with mCPBA to 
give an achiral (meso) epoxide B. which. upon ring opening in aqueous acid, gives racemic 4.5-octanediol. The 
same alkene reacts in a syn-addition with OsO, to give meso-4,5-octanediol, an achiral compound. Therefore, 
compound А is cis-4-octene. To summarize: 
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CH4CH;CH; CH;CH;CH; [9] 
\ £N 
a mCPBA .. #5 
^ =с - He C C cH 
H H CH;CH,CH, CH;CH;CH, 
cis-4-octene compound 5 
compound 4 
1) 050, H0. H,0* 
2) NaHSO;, H;O А 
j 2 OH 
HO, OH CH;CH;CH— e. cA - 
„с—С- 
у үн HO CH,CH,CH, 
оен PHIGHIEHS (x)-4.5-octancdiol 
meso-4,5-octanediol compound C 
compound D 


11.64 (a) The OsO, (in the presence of water) effects glycol formation from the alkene starting material. This 
produces Os(VI), which is re-oxidized to Os( VIII) by periodic acid. Onc equivalent of the periodic acid 
effects this oxidation, continually recycling the osmium until the alkene is fully utilized; this role of 
periodic acid is the same as that of NMMO in that method. The second equivalent of the periodic acid 
then brings about cleavage of the glycol. To summarize: 


OH о 

| | 

oe Y) + 080, — ОМ) + (CH) A (CH) + OX ) 
two, | m 


(b) 
CH—0O 
| OH - 
+ 030, —> Os(V) + ч D. Ра Мы 
сн=0 
| но, | 
CH—0O 


11.65 In both parts the mCPBA reacts at the side of the alkene -bond that involves the less severe van der Waals 
repulsions. 


(a) One of the methyl groups must be axial. and therefore it creates а 1.3-diaxial interaction with the 
incoming reagent on one face of the ring. Therefore, the reaction occurs at the other face. 


HC HC H,C 
CPBA 
lg = 0 x Il 
H.C H.C HC 
1 B 


(major product) 
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(b) Тһе face of the ring on the same side of the methyl group is blocked: hence, reaction occurs at the 
opposite face. 


CH; О CH; О CH; 
mCPBA „ | + 
н А A 
A B 


(major product) 


11.66 (а)  Thecurved-arrow mechanism for salt formation: (The two reactions occur separately.) 


£e. put: ris Сн, 
сн;сн;—$сн;сн$ —CH,CH, ——= CH,CH,—SCH,CH,S—CH,CH, 2:1: 


(b) Counting the electron pair. each sulfur in the product bears four different groups. Consequently, the 
sulfurs are stercocenters. Because the sulfurs do not undergo rapid inversion, stercoisomcric sulfonium 
salts that differ in configuration at sulfur can be isolated. Because each salt contains two sulfur 
stereocenters, the two salts are diastereomers . One diastereomer is the meso, or (R.S). stereoisomer; the 
other is the racemate. a 1:1 mixture of the (R.R) and (5, S) stereoisomers. 


11.67 If sulfur does invert over a long period of time, its configuration goes from S to R. Since there are other 
asymmetric carbons in SAM which retain their configuration. this new compound is a diastereomer of naturally 
occurring SAM. 


R! 
| a sulfur has the А configuration 
HC Silb? (К> К! > CHy. Electrons are lowest pnonty. 
/ "  SeeFig. 11.1 tn the text for the structure of SAM.) 


11.68 Because sulfur in a sulfoxide does not undergo inversion, it is un asymmetric atom. Because there are two 
asymmetric carbons in methionine (asterisks in the structure below). methionine sulfoxide can exist as 
diastereomers. (See the solution to Problem 11.67.) 


methionine sulfoxide 


11.69 The anion that results from the ring-opening reaction with hydroxide reacts as a nucleophile in another epoxide 
ring-opening reaction: and so on. 
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this alkoxide can react 


:6: with another epoxide 


70:77 
XN 
CH,CH— CH; баннери 
inis 0: :0: 
RP | | 


CH,CH—CH, ——= CH;CH—CH,QH ——» CH,;CH—CH,OH 


11.70 (a) The role of the “NH, CT is to protonate the nitrogen of the aziridine. Without this protonation. the 
aziridine nitrogen is ton basic to serve as a good leaving group. 


wa NE A + NH; 
NH H—NH, +e NH) —» 


NH; + HÖ: = NH, + ÖH 


Like the ring opening of epoxides, the ring opening of aziridines involves backside substitution and 
therefore gives the trans stereoisomer of the product. 

(b) Cleavage of an epoxide generates an alkoxide leaving group (conjugate-acid pK, = 15). Although this is 
quite basic, it is much less basic (by about 17 pK, units) than the amide (— NH) leaving group in an 
aziridine (conjugate-acid pK, = 32). Normally. alkoxides do not make very good leaving groups, because 
they are too basic: but, as explained in Sec. 11.5A in the text, epoxides are opened because of the great 
ring strain of the three-membered ring. The leaving group in an aziridine is too poor a base to be opened 
without protonation despite its ring strain. 

(c) An HCI solution at 0.0] M has a pH = 2. This is acidic enough to protonate the azide ion, thus 
eliminating its nucleophilicity. The ammonium ion is not acidic enough to protonate the azide ion 
significantly. 


11.71 (a) The rate acceleration suggests a mechanism involving neighboring-group participation. The product of 
this reaction results from the net substitution of the chlorines by —OH groups to give a diol. The 
mechanism for the first substitution is shown below in detail; you should write the mechanism lor the 


second. 
г сњ :ӦН, 
:CI— CH,CH,— N—CH,CH,—Cl_ ——® НС — CH, 


C 
PA. 
нс“ `сн,сн,—с 
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нб: “H CH, CH; 
E7 | = 
HO—CH,CH,—N—CH,CH,—C! ——- HO—CH,CH,—N—CH,CH,—CI + H— OH, 
« | similar 
MO mechanism 
CH; 


| e 
HÖ — CH;CH; — N — CH;CH; — ÖH 


(b) Тһе reaction of mechlorethamine with an amine R4N: follows a similar pattern in which the amine rather 
than water serves as the ultimate nuclcophilc. 


л CH; fe :NR3 
2 s 
:0I— CH;CH; — N — CH;CH;— Сі ——9 НС — СН, —- 
od c / 
DM 
НС CH;CH;— Cl 
CH CH 
i INR, d 


* ана * * 
RiN— CH;CH; — N — CH;CH; — С! R3N CH;CH; — N m CH;CH; Am NR; 


similar mechanism 


11.72 (a) Because the large tert-butyl group virtually locks the molecule into the chair conformation in which this 
group is equatorial, the two —OH groups in the compound A are locked into a trans-diaxial arrangement, 
The cyclic periodate ester intermediate cannot be formed from two hydroxy groups in this arrangement 
without introducing significant ring strain. Because the required intermediate cannot form. the oxidation 
of compound A cannot occur. In contrast. compound В can be oxidized with periodic acid because the 
two —OH groups are trans-diequatorial. 


OH 


the cyclic periodate (СНз): 
(Сн;);С ester cannot form OH 


OH 
OH 


4 B the cyclic periodate 


ester can be formed 


(b) Compound B is locked into a conformation in which the two hydroxy groups are trans-diaxial; 
consequently. this compound cannot he oxidized for the same reason that compound A cannot he 
oxidized in part (a). 


CH 3 CH; 
EE {ку 
OH 
OH OH 


A B 
can form a periodate ester cannot form a periodate ester 


11.73 The transformation of compound A to compound В occurs with retention of configuration. A retention of 


configuration can be the result of two successive inversions of configuration. This fact and fact (3) suggest that 
ncighboring-group participation is occurring. Indeed, a neighboring-group mechanism involves a mese and 
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therefore achiral cyclic sulfonium-ion intermediate D. formed by an intramolecular substitution with inversion 
of configuration: 


:б: 
арнай. ua c «— — С> SPh Gr 
A e :SPh D 


Because intermediate D is achiral. any chiral products that result from it must be formed as racemates (Sec. 
7.7А); this accounts for fact (2). Reactions of intermediate D with ethanol at the two carbons of the three- 
membered ring give respectively the two enantiomers of product В. (The formation of one enantiomer is shown 
below: you should show formation of the other.) This substitution reaction occurs with inversion of 
configuration: coupled with the first inversion that takes place in the formation of D. this accounts for the 
overall retention noted in fact (1). 


А $Ph $Ph А 
Che О, = Ol ™ 
I бон, бс; 
р н—0с;н, H^ бен, B 


11.74 (a) Тһе substitution with retention of configuration suggests a neighboring-group mechanism involving а 
boat-like intermediate X. 


| | H HC " "T 
:CI: 
Cl m 
H 
zl 
H~- OC;H; - 
LII amt N 
HC " 
Cir к 


T HOCoHs Ce 


This intermediate is unstahle because it incorporates twa fused four-membered rings and a hoat 
cyclohexane; it is highly strained, and thus opens readily. 

(b) The substitution with retention of configuration suggests a neighboring-group mechanism involving a 
bicyclic episulfonium ion Y. 
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+ 

LE c < * 20% =< 
66 
ИЙ: 


LEA + H,0CH 
OCH; 2x v! '3 


11.75 (а) Тһе sulfur can serve as a nucleophile in an intramolecular nucleophilic substitution reaction. The product 
is a cyclic sulfonium salt. 


ү HOCH; 


сн; CH,CH,CH,CH, — Ёз — н © Gr 
X 


(b) The assumption is that the reaction of water with the starting sulfide occurs at about the same rate as it 
does with !-chlorohexance. If so. then the relative rate of the intramolecular reaction above and the 
competing intermolecular Sy2 reaction of water with the same compound is 21, as given in the problem. 
A calculation very similar to the опе in Study Problem 11.5, text p. 544, shows that &,/k» = (21)(20 M) = 
420 M. This is the proximity effect. 


11.76 Reaction (I) is an 5 42 reaction in which oppositely charged species react. This reaction should be promoted by 
conditions that increase thc interaction between charges, that is, hy a smaller dielectric constant. Therefore, 
reaction (1) is faster in ethanol (e = 32) than it is in water (є = 80). (Solvent dielectric constants are found in 
Table 8.2 on text p. 355.) Reaction (2) is an Sy] reaction in which the rate-limiting step involves dissociation of 
an alkyl halide to a carbocation and a chloride ion: this reaction is promoted by conditions that foster separation 
of charged groups, that is, by a greater dielectric constant. Consequently, reaction (2) is faster in water. Reaction 
(3) is an Syl reaction, but. because the starting sulfonium ion is positively charged. formation of the carbocation 
intermediate does not involve any change in the number of charges. Consequently, the rate of this reaction is not 
affected very much by a change of solvent. 


11.27 (а) In this reaction, the initially formed bromonium ion reacts intramolecularly with the oxygen of the OH 
group. (The mechanism for the formation of a bromonium ion is shown in Eq. 5.11, text p. 185.1 


Л Ho Br 


(CHC —CH—CH, —> (CHj;C—CH—CH; ——> (CH,),C—CH—CH, + H—Er: 
V / | 
do C Br: Br 
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(b) The alkoxide. formed by ionization of the alcohol OH group. opens the epoxide intramolecularly. The 
hydroxide catalyst is regenerated by protonation of the resulting alkoxide ion. 


SO "i Он 


X К ча 
, CH,CH,CH —CH; CHQ: -Pa 
HO: + А au. — À = 
:О: 6 


formed by the reaction = 
of hydroxide with the CH;OH 
alcohol Р 76H 
0 


(с) This mechanism is very similar to the mechanism for the intramolecular substitution involved in the 
formation of product B in Problem 9.83 on text p. 450. The thiolate anion. formed by ionization of the 
thiol (not shown), displaces the tosylate group within a twist-boat conformation (shown here for 
simplicity as a boat). 


$5 5 :$: 
Зс дБ CT — C ? Кк, 
+ ес 


(d) Тһе epoxide chemistry in this chapter has focused on ring-opening substitution reactions; however. you 
have learned that elimination competes with substitution. Thus. this reaction is an E2-like elimination 
reaction in which either of the two distinguishable -hydrogens is removed and the epoxide oxygen 
serves as a leaving graup. The mechanism for the formation of the major alkene product is shown below; 
the minor product is formed by an essentially identical mechanism involving the other B-hydrogen. 
Substitution (that is, nucleophilic ring-opening) evidently does not occur because of the van der Waals 
repulsions that would result in the transition state of such a reaction between the alkyl branches of the 
base and those of the epoxide. 

A 


Qi; :бг “H—OC(CH,), EH 
H;C n — C(CH); —=® H,C=CH — C(CH3); 33 н;с= CH —C(CH); 
(CHICOS „н + "CÓCICHj; 


(e) Тһе carbocation intermediate, which is formed by protonation of the double bond, undergoes an 
intramolecular Lewis acid-base association reaction with the sulfur nucleophile: 


this carbon 
was protonated 


H бы 
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(f) 
CH; 


A. ai M 3 Z CH,S— CH;CH;— Br 
LB — /* p- —> -- — 
X pm CN, 7 3 ? 


(g)  Thekey to this mechanism is to notice that inversion of configuration has occurred at carbon-2, and the 
cyanide ion has reacted at carbon-1. The formation of another epoxide by neighboring-group 
participation with inversion of configuration at C-2 is followed by reaction of the cyanide ion as a 
nucleophile at C- 1. which is the less substituted carbon of the epoxide. (The rearrangement of one 
cpoxide to another by the intramolecular reaction is called the Payne rearrangement.) 


/7* НСМ ":CN 
о CH HO H 
ru О a" V dcn 
He “CHO: а He \ =- Hw \ —Ó 
CHCH; CH4CH; 
H —CN 
from the Bronsted acid-base 
reaction of "СМ with the alcohol HO, нн "o X PHN 
noe ^ =” a 
CH,CH; :0: H— OH CH,CH, OH 
eee А 
+ :ÖH 


th) This appears to be a relatively rare instance of neighboring-group participation involving a four- 
membered ring. The ring is opened by the nucleophilic reaction of methanol at the more substituted 


carbon. 
CH; CH; Сн, 
SE D и! 2/1 
PhCH; — S: CH — OTs PhCH; —S.— CH PhCH;— 5 — CH ө 
== СР а " | ж 
(CH;),C — CH; ш. — CH, io — CH; 
n H,0 —H 
CHÜ—H ed 
“OTs (s 
PhCH;—S —CH 
ae CO; + H,0 
err 
CH;0: 
(i) 
Dh Ph 0 О 
rn „ОН ae 49. OAc I OAc 
——— | Pb. — + „ч, + РЬ 
| ey ' Ph * нс“ "cH, \ 
"Tv oH : AO oac OAc 
"iu ш» Wn 
lead(11) 
+ 2 НОАс diacetate 
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11.78 (a)  Anepisulfonium ion (analogous to a bromonium ion) X is formed at one double bond: reaction with the 
liberated chloride ion results in a net anti addition. 


V: 5—@: 
SR —— 5—60: x 
~—/ б: E tae Gs 
p :C 


The sulfur in this product then serves as the electrophile for the reaction at the other double bond, which 
involves another episulfonium ion Y. (Because of the pucker of the cyclooctene ring. as a model will 
show, the distance from the double bond to the sulfur is not as far as it might seem.) 


C 
+ ( N 
—— —— 5 
*@: en. ZUM 
Y B 


(b) The substitution with retention of stereochemical configuration suggests that neighboring-group 
participation has taken place. The firs! substitution involves the formation of episulfonium ion 8 from 
part (a) with loss of chloride ion under the rather extreme conditions. This ion is opened by the azide ion. 


él » 


(identical Му 
mechanism) 


=н, 


В Y + б 


The second substitution occurs by ап essentially identical mechanism. 


11.79 The principles to use in solving this problem are that (a) the rert-butyl group, because it is so large. must assume 
the equatorial position; and (5) the —OH and —C! groups must be able to achieve an anti relationship in order 
for backside substitution (and thus epoxide formation) to occur. The required anti relationship is impossible for 
compound (3) because the —OH and —С1 groups are cis and are thus fixed in either chair conformation at a 
dihedral angle of ahout 60°. Therefore. compound (3) is A. In the chair conformation in which the tert-buty! 
group is equatorial. the —OH and —C1 groups in compound (1) are trans-diaxial. and are ideally set up for the 
formation of an epoxide. Consequently, compound (1) is B. and the epoxide formed from it is D. 


OH 


KOH 
(CHj.C CHOR" Хә 
(CH3)3C 


Cl 
compound (1) = В 


epoxide D 


Finally, consider compound (2): the —OH and —€C! groups are trans, but they are diequatorial. The only way 
that they can achieve an anti relationship is either for the ring to undergo a chair interconversion, or for it to 
assume à twist-boat conformation. In either case. the conformation required for epoxide formation has a very 
high energy. and very little of it will be present. Because the transition-state conformation has very high energy. 
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epoxide formation from compound (2). although possible. is very slow. Therefore, compound (2) = € and the 
epoxide formed from it is E. Epoxides D and E are stereoisomers. as required by the problem. 


С! 
он. 
РР ат." л one ZA 
OH 


compound (2) = C 


KOH 
| CH,OH 
a severe | 3-diaxial T 
interaction “О 


был ~ "n (CH34C 


CH 30H 
Ta n ud epoxide E 
OH 


11.80 As illustrated by Eq. 11.23 on text p. 521. and as discussed in the solution to the previous solution. the —O - 
and —Br groups must be able to assume a trans-diaxia arrangement in the transition state for backside 
substitution to occur. 

Immediately we rule out compound D, as the —OH and — Br groups are cis. 

The —OH and — Br groups in compounds A-C are trans. Because all of the compounds shown are trans- 
decalin derivatives. they cannot undergo the chair flip. Hence. the —OH and —Br groups could be trans- 
diequatorial or trans-diaxial. Examine each one in turn. 

Compound А must assume a twist-boat conformation in order to undergo cpoxide formation by backside 
substitution. Because this conformation, and hence the transition state of the reaction, has a very high energy. 
epoxide formation is likely to be very slow. 


CH; CH; 
ol z= 
ELA = LA. 
H H HO 


compound 4 is trans-diequatorial 
compound А must adopt a 


1wist-boat conformation 
to achieve the anti relationship 
required for epoxide formation 


The remaining two bromohydrins B and C have trans-diaxial arrangements and thus react readily: 


CH; OH CH; 
H Br OH 
compound В is trans-diaxial compound C is trans-diaxial 


11.8! (a) Because the product is meso, it must have opposite configurations at the two asymmetric carbors—in 
other words, it has the 25,3R configuration. (In a meso compound, this is the same as the 2R,3S 
configuration.) Substitution of the OH by a Br must occur. therefore, with retention of configuration, and 
such a stereochemical result suggests that neighboring-group participation takes place. The protonated 
OH group departs with concomitant backside substitution by the bromine within the same molecule to 


Hopen of "агым һе ырдо aded cs diürniouléd wil out ре von cf anes f you lind an eno in fn manuel, pie nt sw Вир /!реогие phan acs рей ue edul-"pudan mte: 


SOLUTIONS TO PROBLEMS * CHAPTER 1: 349 


form a bromonium ion. The bromonium ion then reacts with hromide ion (from the ionized HBr in 
solution) with inversion to give the meso-2.3-dibromobutane. 


Br CH 1Br :Br: CH 
LUPA 87 p 
He С—С; т Он, + не — Ci CH — M He C—C 
Ҹ нс Nu / N 
H3C *OH, 3 HC :Вг: 
(2S,3R) :Вгг meso 


The center of symmetry shows that the product is meso. Alternatively. you can form an eclipsed 
conformation to see an internal mirror plane. 
Reaction of the bromide ion at the other carbon of the bromonium ion is equally probable. We leave 
it to you to show that this rcaction gives the same result. 
(b) Тһе similar reaction of the 25,35 stercoisomer gives a meso bromonium ion, which is achiral. Reactions 
of bromide ion at the two carbons give respectively (25,35)- and (2R.3R)-2.3-dibromobutane in equal 
amounts—that is, the racemate. 


ACA NR 


—(;H —> :ӦН, + -C—C m 
E н s 
H Он; (AN. ,, 7B) 
(25,35) n 
:Br: :Br: 
бы, / N pr 
/ =з qu^, N 
:Br: H H :Br: 
(26.38) (25.35) 


(4) (8) 
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An oscillating spring gathers potential energy when it is stretched or compressed, and this 
potential energy is released as kinetic energy as the spring returns to rq. The conservation of 
energy requires that the sum of the potential and kinctic energies of the spring remains constant 
(barring frictional losses). The potential energy function in Eq. SG12.3 describes a parabola. and 
this is not a bad approximation for the potential energy of a vibrating bond for the first few energy 
levels. Such a parabola is shown in Fig. SG12.1. Superimposed on this parabola are the discrete 
energy levels required by quantum theory given by Eq. SG12.1. The total energy of the vibrating 
bond— potential + kinetic—in a particular energy level is given by the position of the energy-level 
linc. 

This brief discussion of quantum theory can be used to justify three points made in the text. 
The first point is that the frequency of light that brings about energy absorption must equal the 
fundamental frequency of the bond vibration и). For a bond to absorb energy from light, it must 
absorb an amount of energy exactly equal to E; — Eo; that is, the energy of the vibration must 
"jump" to the next energy level. From Eq. $G12.1, the energy difference between E; and Eg is 

E, - E, = AE = $ hy - $ wg = hr, (SG12.4) 
This equation shows that promotion of the bond to energy level E, from Eg requires light with 
energy = AF) о = йд and thus a frequency vy. But this is just the fundamental frequency of the 
bond vibration, as asserted. 

The second point made in the text is that the frequency of the bond vibration doubles as a 
result of light absarption. The transition to a higher energy level is associated with a change in 
vibrational frequency from wto и. 


E,- Ey = hw - hi (5612.5) 


Ви Eq. 12.4 states that Е — Ey = ли). Equations SG12.4 and SG12.5 сап be true simultaneously 
only if », = 21: that is, the frequency after absorption is double the original frequency. 

Finally. the assertion was made that the amplitude of the bond vibration increases as a result 
of light absorption. This point can be understood from Fig. 5612.1. The intersections of the 
energy levels E, and Ey with the potential-energy curve define the vibrational amplitudes Ar, and 
Arg. The vibrational amplitudes A», increase as the molecule transitions to higher energy levels. 
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[ Mns 


Ез = (2 + AMM 
potential 


E, = (V + Ay = Oy 


Eo = (0 + Vs = (Vy 


vibrational amplitude Ar 


Figure SG12.1 А plot of potential energy versus vibrational amplitude for a Hooke's law potential. The 
potential energy curve is the heavy dashed line, The vibrational quantum levels are superimposed on this 
curve. (Only the first three levels are shown.) A£. g is the energy required for excitation of a vibration in the 
lowest energy level, Е, to the next level, £4. 


(©) 12.2 FTIR Spectroscopy 


This section will give you a better idea how an FTIR spectrometer works. In ап FTIR 
spectrometer, radiation to be passed through the sample is split and sent over two paths 
simultaneously by a system consisting of two mirrors, one moving and one fixed (a Michelson 
interferometer). The difference between the lengths of the two light paths at various times is 
precisely calibrated with a laser. The superimposed beams of light from the two paths is passed 
through the sample. The interference patterns, or interferograms. that result can be thought of as 
superimposed plots of absorption vs. time from both light beams in which all wavelengths in the 
spectrum contribute simultaneously. The interferograms are stored in a small computer and 
analyzed by Fourier transformation. Fourier transformation is a mathematical technique for 
decomposing time-based wave motions into their contributing frequency components. (For 
example, the unique sound of a bell as it dies out over time might be analyzed in terms of the 
different contributing pitches by the same technique.) Fourier analysis converts the interferograms 
into a plot of absorption versus wavenumber—the IR spectrum. The entire process takes just a few 
seconds. 

Besides saving time, FTIR has much better wavenumber resolution than conventional IR 
spectroscopy. (This means that two closely-spaced peaks would appear as separate peaks rather 
than as a single broad peak.) In addition, multiple spectra from the same sample can be digitally 
added: because "noise" is random. it decreases when multiple spectra are summed. and the signal 
due to the IR spectrum grows. Consequently, many spectra can be accumulated from the same 
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sample in a very short time, and thus strong spectra can be obtained from very dilute samples. The 
principles of FTIR have been known for many years, but only in relatively recent times has the 
technique become practical because of the availability of inexpensive. high-powered computers. 
The digital revolution has come to spectroscopy just as it has to sound and video technology! 


(у 12.3 Тһе Mass Spectrometer 


This section will give you a more quantitative understanding of how a mass spectrometer operates. 
The magnetic-sector instrument diagrammed in Fig. 12.21. text p. 603, is the simplest type of 
mass spectrometer; it is still used for the mass spectrometry of small molecules. When an ion in 
such a mass spectrometer is accelerated to a voltage У, its kinetic energy is mv4/2, where m is its 
mass, and v is its velocity. Since all ions have, to a good approximation, the same velocity as a 
result of the accelerating voltage. then it is the ionic mass that gives one ion a different kinetic 
energy from another. The basic equation describing the bending of an ion by a magnetic field B is 


Br? 


rek 
m/ v 


(SG12.6) 


where r is the radius of the circular path over which the ion is bent. z is the charge on the ion, and 
k is a proportionality constant. This equation shows that the paths of ions of a larger mass are bent 
over a circle of greater radius. Similarly, for an ion of a given mass, increasing the magnetic field 
B decreases the radius of its path. 

In the magnetic-sector mass spectrometer, a collector is positioned to sense only the ions 
traversing a path of a particular radius r. By increasing the magnetic field B in a regular way. ions 
of progressively increasing mass are focused onto the collector. The relative intensity of the ion 
beam of a given mass is recorded as an ion current. Thus is obtained a plot of ion current versus 
m/z—the mass spectrum. 

Other types of ion sorting are used in modern spectrometers. In FT-ICR (Fourier Transform- 
lon Cyclotron Resonance) mass spectrometry. ions are trapped in a chamber by a magnetic field, 
and the trapped ions move in closed, circular loops perpendicular to the magnetic field. The 
angular frequency of this motion is inversely proportional to the m/z of the ion. An analysis of the 
angular frequencies is tantamount to an analysis of the masses present. FT-ICR mass spectrometry 
gives very precise values of m/z. 

In TOF (time-of-flight) mass spectrometers, ions are accelerated down a tube by an electric 
field. The time that it takes an ion to traverse the tube is proportional to the square root of its m/c. 
The measurement of the times at which ions reach the detector at the end of a tlight tube provides 
essentially a measurement of the ion masses. 
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Solutions to In-Text Problems 


(a) 


(b) 


(a) 


(b) 


(a) 


Apply Eq. 12.1. 
^ 4 1 
„3х10 msee us 33x 10! se 
9x10 т 
Apply Eq. 12.1 and include the conversion factor 10 ' т A '. 


3.00 x 10° m sec’! 


js 3:00 10 msec e osx 1014 soc"! 
" 7 (4800 AX10 тА) з 


Multiply the frequency obtained in the solution to Problem 12.1(a) times Planck's constant: 
E = hv - (399 x 10 ? kJ sec mol ')3.33 x 10" sec !) = 13.3 kJ mol ' 
Use the same procedure as in part (a) of this problem: 


Е = hv = (3.99 x 10 KJ sec mol (6.25 x 10'* sec !) = 249 kJ mol ! 


The energy of X-rays is greater than that of any visible light. including blue light. (In fact. the energy is 
so much greater that prolonged exposure to X-rays is harmful.) 


If the energy of microwaves is much less than that of red light, why is it that microwave energy 
c» rapidly cooks food, whereas red light does not? The reason is that microwaves are absorbed by 


molecules in food, and the absorbed energy is rapidly converted into heat. In contrast. red light 


(b) 


(a) 


(b) 


is reflected or transmitted, but it is mostly not absorbed, and is therefore not converted into heat. 


The energy of radar tthat is. microwaves) is less than that of any visible light. including red light. 


Apply Eq. 12.7a on text p. 574: 


P = wavenumber = (1 х 10° um ст!) + 6.0 um = 1667 ст! 
Apply Eq. 12.7b on text p. 574: 


А = wavelength = (1 x 10! um cm’) = 1720 ст! = 5.81 um 


The peak at 1380 cm”! has a percent transmittance (67) of about 41. By Eq. 12.9B. its Т is 0.41. Using Eq. 
12.9с, salve for absorbance, A. which is the negative log of T. or -0.39. 


From Eq. 12.84 on text p. 575 we know that 


у= сЁ 


Convert the frequency into wavenumber and then consult Fig. 12.4 on text p. 573. 
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Om Pers Po Ae “oe 


di (2) (3i (4) (s 


2-methyl-I-pentene— 2-methyl-2-pentene (#)-4-methyl-2-pentene (Z)-4-methyl-2-pentene— 4-methvl-I-pentene 


The strong 912 and 994 єт! C—H bending absorptions are very close to the standard values of 910 and 990 
cm, which are typical of —CH—CH. groups. Therefore compound A is (5). The weak or absent C=C 
stretching absorption in the 1660-1670 cm ! region suggest that the candidates for B, C. and E are compounds 
(2), (3), and (4). The strong 967 єт! C—H bending absorption is the definitive absorption for trans alkenes. 
Therefore, compound E is (3). Compound C must be the cis alkene (4), from the C—H bending absorption at 
714 cm !, because the C—H bending absorption for cis alkenes occurs at lower wavenumber than the C—H 
bending absorption of other alkene types. The 1650 cm ! C=C stretching absorption as well as the 885 cm 
C—H bending ahsorption point to (7) as the structure of compound D. This leaves only compound В 
unassigned, and it must therefore have structure (2). Is C—H bending absorption is consistent with this 
assignment. 


The moderately strong C=C stretching absorption at about 1650 cm ^! and the C—H bending vibration at 890 
стт! suggest that (a) is the spectrum of 2-methyl- I-hexene. The C—H hending absorption at about 970 em” 
and the virtual absence of a C=C stretching absorption in spectrum (b) confirms that this is the spectrum of 
trans-2-heptene. 

The absence of a C=C stretching absorption near 1650 ст! and an O—H stretching absorption near 
3300 ст^!, and the presence of a strong absorption near 1100 em! (C—O stretching absorption), show that this 


is the spectrum of the ether. 


The two C—O bonds of an ether can undergo hoth symmetrical and unsymmetrical stretching vibrations: each 
of these normal vibrational modes has an associated infrared absorption. (These vibrations are described on the 
first two lines of Fig. 12.8 on text p. 582.) 


Think of molecular association by hydrogen bonding as a reaction like any other and apply Le Chátelier's 
principle. 


2RO—H === RO—H----:6R 
unassociated H 
alcohals 


hydrogen-bonded 
alcohols 


Increasing the concentration of alcohol drives this equilibrium to the right. and decreasing the concentration of 
the alcohol drives this equilibrium to the left. At sufficiently low concentrations of alcohol, the spectrum is that 
of the unassociated alcohol. The O—H bond in a hydrogen-bonded O—H absorbs at a different frequency than 
the unassociated O—H. 


The broadness of the absorption for a hydrogen-bonded O—H is due to the presence of 
ч» hydrogen bonds of many different strengths. Not only does the absorption change position 
when the sample is diluted. but it also becomes much sharper. 


Table 12.3 on text p. 595 shows that Si has the following isotopic abundances: ?*Si, 92.21; "Si, 4.67; and "Si, 
3.10. These abundances result in the following relative intensities for the pz = 74 and 75 peaks: 


m/z = 74: relative intensity (4.671/92.21) = 0.0506. or 5.06% 
m/z = 75: relative intensity (3.101492.21) = 0.0336. or 3.36% 
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To this must be added the contribution due to C. The molecular mass of (CH,),Si is 88; therefore, the base 
peak at m/z = 73 results from loss of 15 mass units (CH 3). Hence. the m/z = 74 peak will have a contribution 
from three isotopic carbons equal to 3(1.11)/(92.21) = 0.0361 (3.61%). Add this contribution to that calculated 
above to get the final value for the m/z = 74 peak: 


m/z = 74: relative intensity = 5.06% + 3.61% = 8.67% 


The contribution of "АС to the ти = 75 peak is negligible. Hence, the m/z = 74 peak has a relative intensity of 
8.67%, and the m/z = 75 peak has a relative intensity of 3.36%. 


Assume the molecular ion (base) peak at m/z = 50 has an abundance of 100%. This peak is due to molecules 
that contain "C, 'H. and "CI. The M + 1 peak is due to molecules that contain either "C, 'Н, and "Cl or "C, 
7H, and “СІ, The intensity of the M + 1 peak due to ЗС relative to the base peak is (0.0111/0.989) = 1.12%. 
and the relative intensity due to ^H is 3(0.00015)40.99985) = 0.0004, or 0.04%. Hence. the M + 1 peak at m/z = 
51 is due almost entirely to molecules that contain C, 'H, and СІ, but we'll include the contribution of ^H for 
completeness. Because there is one carbon, the intensity of the m/z = 51 peak is 1.16% (1.12% + 0.04%). The M 
* 2 peak at m/z z 52 is due almost entirely to "C.H. and "Ct; according to Table 12.3, the ratio of this peak to 
the base peak should be 0.2423/0.7577 = 0.320. or 32%. (This peak has a contribution from molecules that 
contain °C, 7H. and С equal to 3. x (0.01 11/0.989)(0.00015/0.99985) = 0.00017% that can be ignored). 
Finally, there is a peak at M 3. or m/z = 53, which is duc to molecules that contain either C, !H, and "CI ог 
to "C, ^H, and "CI. The contribution of 7H is only 0.0004. Thus, the relative abundance from the simultaneous 
presence of C and "CI is (0.01120.320) = 0.00358, or 0.36%. This peak is almost negligible. 


(a)  Anm/z- 71 corresponds to the formula С;Н у The only rational fragmentation that could give this 
formula is between the two CH; carhons: 


CH, CH, 
"E -CH; ФСН, С — CH; 
m CH, 
(h) The mechanism of this fragmentation: 
сн, _ сн, сн, сн, 
Keo en, сн —> TE en + éu,—C—cH, 
CH, CH; bes, m 


т/ = 71 


(c) А rearrangement to a more stable tertiary carbocation occurs. 


CH, CH; 
ie 
CH;—C— CH, ——* CH;—C— CH; 
| 
Сн, Сн, 
mz-71 


Actually, this rearrangement is probably concerted with the fragmentation shown in part (b) so that 
formation of a primary carbocation is avoided. 


When the molecule contains only C. Н. and О, odd-electron ions have even mass. and even-electron ions have 
odd mass. Therefore. (а) and (d) are even-electron ions, and (b) and (c) are odd-clectron ions. 


(a) Because even-electron ions of compounds containing only С, Н. and Cl have odd mass. the ion with 
m/z = 57 is the even-electron ion and the ion with m/z = 56 is the odd-electron ian. 
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(b) 
(c) 


12.21 (a) 


(b) 


(c) 


(b) 


(c) 
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HCI can be lost to give the odd-electron ion. 

The molecular mass of 2-chlorobutane is 92 (for the Cl isotope). The m/z = 57 peak is due to loss of a 
chlorine atom from the molecular ion by an give the sec-butyl cation. (You'll learn in Sec. 12.6D that 
this is called inductive cleavage. ICs the mass-spectrometric analog of an 5,1 reaction!) 


E 
CH,CHCH,CH, —> CH,CHCH,CH, + :б: 


sec-butyl cation 


The m/z = 56 peak is due to hydrogen-atom transfer within the molecular ion followed by loss of НСІ in 
a process analogous to that shown for loss of water in Eq. 12.26a on text p. 597: 


G4, H @—н 
[ t5 < 


>? А РА " А 
њен — Gf — ch, ——n» H,C—CH—CH— CH, —> :CI—H + H,C—CH—CH— CH, 


тс = 56 


An m/z of 45 indicates а loss of 43 mass units, which corresponds to an isopropyl group. An a-cleavage 
mechanism could give such a loss: 


HC—0-XCH7--CH(CH); —» H,C—O—=CH, + -CH(CHj); 
molecular ion m/z = 45 


Inductive cleavage at either side of the oxygen would give a primary carbocation. With di-sec-butyl 
ether. in contrast. a secondary carbocation is formed by inductive cleavage. Because of the greater 
stability of secondary carbocations, more inductive cleavage occurs in the fragmentation of di-sec- butyl 


ether. 
The major difference would be a large abundance of molecular ion and fewer low-mass fragments. 


A fragment ion with m/z = 101 corresponds to a loss of 30 mass units, which corresponds to two methyl 
groups—that is. a molecule of ethane: 


CHCH, (Н CHCH; CHCH, 
|15 " 
сн *-Q— CH —» CHCH + CH—Q—CH 
| 
Сн, CH, CH, CH; 
СІ molecular ion m/z = 101 
mz = 131 


The same process occurs, except that 16 mass units—that is. methane— is eliminated. 


CH,CH, CH,CH; CH,CH, CH,CH, 
L ai м 
үнү үн — CH, * Hm uH 
CH, H CH, CH, 

СІ molecular ion mz = 115 
mz = 131 


As long as we're eliminating groups on the a-carbon, we might as well also eliminate the hydrogen: 
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CH;CH; 
H  CH— CH, CH,CH, 
po | А 
u хай —» H—CH—CH, + Eu ды 
CH;CH; CH;CH; 
CI molecular ion mz = 73 
тг = 131 


Solutions to Additional Problems 


The three factors that determine the wavenumber., or position. of an infrared absorption are: strength of the 
bonds involved, masses of the atoms involved. and the type of vibration—that is, stretching or bending. 


The intensity of an infrared absorption is affected by (1) the number of absorbing groups and (2) the size of the 
dipole moment change when the molecule undergoes the bond vibration. The number of absorbing groups. in 
turn, depends on (1) the numher of groups of interest within a given molecule and (2) the concentration of 
molecules in the sample. 


(a) — Catalytically hydrogenate the alkene. and confirm the reaction by observing loss of the C=C stretching 
absorption at 1660—1675 cm ''. 


CH; CH; 
eee р 


I-methyleyclohexene methyleyclohexane 


(b) Carry out a Williamson ether synthesis. Confirm the reaction by observing loss of the O—H stretch of 
the alcohol in the 3200-3400 cm”! region of the IR spectrum, and by intensification of the C—O 
stretching absorption. 


CH 


CH,(CH,),CH,OH = CH;(CH,),CH,O Na 


CH;(CH,),CH,OCH, 


I-hexanol I-methoxyhexane 
(hexyl methyl ether) 


The principle is that compounds that have different physical properties have different IR spectra. 


(a) Because 3-pentanol and racemic 2-pentanol are constitutional isomers. they have different IR spectra. 

(b) Because enantiomers have identical physical properties, the IR spectra of (R)- and (S)-2-pentanol are 
identical. 

(c)  Thisone is a little tricky! The two chair conformations of cyclohexanol are diastereomers and. because 
diastereomers have different physical properties, the two conformations also have different IR spectra. 
The problem is observing the two conformations independently. Any sample of cyclohexanol at room 
temperature is a mixture of these diastereomeric conformations, and the IR spectrum of cyclohexanol is 
therefore a spectrum of the mixture, with the spectrum of each conformation present in proportion to its 
concentration. 
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absorpuon process is "fast enough" to record the spectra of the two diastereomeric 
conformations independently. Therefore. the spectrum observed is a superposition of the spectra 
of the two compounds. 


| | Even though the two chair conformations of cyclohexanol are rapidly interconverting. the IR 
>| 


Spectrum (1) has no peaks characteristic of alkenes or alcohols, but it does have a strong peak near 1100 cm” 


that is a C—O stretching absorption. This is the spectrum of compound (d), dipropyl ether. 

Spectrum (2) shows the typical absorptions of a —CH—CH; group: the double C—H bending absorption 
at 910 and 990 em ''. and the strong C=C stretching absorption at 1640 cm !. This is the spectrum of 
compound (a). 1.5-hexadiene. 

Spectrum (3) is virtually featureless: the only strong absorptions are the C—H stretching absorptions in the 
2800-3000 cm ! region. This is the spectrum of compound (f), cyclohexane. 

Spectrum (4) shows bath O—H stretching and C=C stretching absorptions, and is the spectrum of 
compound (c). 1-hexen-3-ol. The double peaks at 910 and 990 cm ' confirm the presence of a —CH—CH:; 
group. Compound (р). 3-hexanol. is ruled out because it should not have alkene absorptions in its IR spectrum. 

Spectrum (5) has C=C stretching absorption at 1675 cm ! and shows the typical high-wavenumber 
shoulder at about 3050 cm ' for the alkene C—H stretching absorption. The position of the C=C stretching 
absorption along with the C—H bending absorption near 800 cm ' indicates an alkene with three alkyl 
substituents on its double bond. This is the spectrum of compound (b). 1-methylcyclopentene. The definite 
absence of a C—H bending absorption near 970 cm ! rules out compound (e). trans-4-octene. 


Only spectrum (2) has the C=C stretching absorption near 1640 cm ' and the high-wavenumber shoulder at 
about 3050 cm ' for the alkene C—H stretching absorption: this is therefore the spectrum of compound A. and 
spectrum (1) is the spectrum of compound B. 


(a) Because stronger bonds absorb at higher wavenumber (text pp. 579—580). the order of increasing C—H 
bond strength is alkane < alkene < alkyne. This deduction can be verified by consulting the relevant 
C—H bond dissociation energies in Table 5.3. text p. 216: these bond energies are alkane (423 kJ mol '). 
alkene (463 kJ mol s. and alkyne (558 kJ mol 0. 

(b) From Eq. 12.11 (text p. 579) and the associated arguments, the stretching frequencies are proportional to 
the square roots of the force constants к. The force constants, in turn, are roughly proportional to the 
bond strengths. We then have 


Pagec-n _ 3300 [558 kJ mor" 


£ =1.157 =! 
Ў вале Сн 2850 { x kJ mol ' 


Solving. 
х = (558 kJ mol !(1.157) = 417 kJ mol! 


The value in Table 5.3 is 423 kJ mol". This calculation thus gives the correct answer within 5% of the 
difference between the two bond energies. 


The solution to the previous prohlem noted the correlation between bond dissociation energies and IR 
absorption frequencies. Triple bonds are clearly stronger than double bonds, which are stronger than single 
bonds. The question is which of the two double bonds is stronger. Table 5.3 on text p. 216 shows that the bond 
dissociation energy of a С=С double bond is 728 kJ mol™', and that of a С=О double bond is 749 kJ mol '. 
On this basis. the C—O bond is predicted to absorb at higher frequency. (This is realized in practice; typical 
C=O absorptions occur in the 1710 cm"! region, whereas C=C absorptions occur in the 1650 cm”! region.) In 
summary, then, the order of increasing bond strengths and increasing IR absorption frequencies is: 


C—C < C=C < C= < CSC 


(а) The vibrational modes of water must transform the molecule in а way that makes the molecule 
distinguishable from the original. The three modes that meet this criterion are 
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(b) 
(c) 


О о о 
A CH H ^u PA << O—11 symmetrical stretch 
H H 
О О; 
E d ^g. н“ ^H ^u OR O—H unsymmetrical stretch 
PA o o O-—H symmetrical bend (scis 
ÁN sen HC DH symmetrical bend (scissor) 
H H H H ъ а 


Тһе classifications are shown in the diagram in part (a). 
Stretching vibrations typically occur at higher frequency than bending vibrations. Therefore, the 
1595 cm ! vibration is the bending vibration: the other two vibrations are the stretching vibrations. 


The two stretching vibrations of the nitro group correspond to the symmetrical and unsymmetrical stretching 
modes. 


(a) 


(b) 


(c) 


(a) 


(b) 


(a) 


The bond dipole of the S—H bond is much less than that of the O—H bond because the electroneg- 
ativities of sulfur and hydrogen differ less than do the clectronegativities of oxygen and hydrogen 
(Table 1.1, text p. 9). As a result, the S—H vibration is less active in the infrared, and the corresponding 
absorption is less intensc. 

The S—H absorption occurs at lower frequency mostly because the S—H bond is much weaker than the 
O—H bond: compare the bond dissociation energies for H—SH and H—OH in Table 5.3, text p. 216. 
The difference between the masses of sulfur and oxygen has little effect on the vibration frequency 
because the mass of the smaller atom, hydrogen, is the major determinant of the vibration frequency, as 
shown by Eq. 12.13 on text p. 581. 

Compound В has a typical strong. broad O—H stretching absorption in the 3200-3400 cm”! region. and 
is therefore the alcohol. Compound A. then. is the thiol. Note the considerably weaker S—H stretching 
absorption in the spectrum of compound A at about 2530 em '', as suggested by part (a) of the problem. 


Both compounds have the same absorptions, except that the absorptions of compound C in Fig. P12.33 
are displaced to lower frequency. an observation that implies a higher mass for the absorbing group: see 
the discussion of the mass effect associated with Eq. 12.13 on text p. 581. In particular, a peak at 

3000 em ' in compound D, undoubtedly a C—H stretching absorption, is displaced to 2240 cm ! in 


compound C. Hence. compound С is CDCI. 


Eq. 12.13 on text p. 581 gives the quantitative basis of the mass effect. If the force constants of 
C—H and C—D bonds are nearly the same (and they are). then the ratio of stretching 
frequencies of these two bonds should be equal to the square root of the ratios of the mass 
terms. Eq. 12.13 predicts a ratio of V2 = 1.414; the more exact equation, Eq. 12.11 (text p. 579). 
predicts a ratio of 1.36. The actual ratio, (3000/2240) = 1.34, is very close to this prediction. 


The two compounds could be distinguished by mass spectrometry by the masses of their parent ions. 
Both CHCI; and CDC], have four molecular ions. (Why four? Sce Table 12.3, text p. 595.) Each 
molecular ion peak of CDC}; lies at one unit higher mass than the corresponding molecular ion peak of 
CHCI;. 


The parent compound has molecular mass = 115. The fragment with m/z = 72 corresponds to a loss of 43 
mass units. which is accounted for by loss of a propyl radical by an a-cleavage mechanism. 
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cS NH; 


“= l ( i | 
CH4CH;— C — CH;CH;CH; —— CH4,CH;— C + *CH;CH;CH; 
CH; CH; 
molecular ion mz72 
(b) Loss of a propyl radical from the molecular ion of 3-methyl-3-hexanol (molecular mass = 116) by a- 
cleavage mechanism similar to that in part (a) gives a fragment with m/z = 73. 


OH *OH 


ele A 


) | 
CH,CH; — C - CH,CH,CH, => CH4CH;—C * *CH;CH;CH, 
| | 
CH, CH, 


malecular ion т = 73 


(c) — 1-Pentanol has molecular mass = 88; therefore. a fragment with m/z = 70, which must be an odd-electron 
ion, could result from the loss of H-O (18 mass units.) A hydrogen-transfer mechanism followed by loss 
of Н-О, exactly as shown for 1-heptanol in Eq. 12.26a on text p. 598. accounts for this ion. 


H yf “OH H Ф/ 

с P di : * ө 

CH4(CH;;CH — CH; ——>  CH4CH;;CH — CH; а» CH(CH2)CH— CH, + H— OH 
molecular ion of mz = 70 


| -pentanol 


(d) Fragmentation of neopentane at any one of its four carbon-carbon bonds gives а methyl radical and the 
tert-butyl cation. which has the correct mass: 


HyC—C(CH3)3 == НС 5 CCH) — НС. + “C(CHy); 


псорспізпе tert-butyl cation 
mz = 57 


(a) А mass of 28 units could he accounted for by a molecule of ethylene, H;:C—CH;. 

(b) Loss of IR mass units could indicate loss of Н.О. (See the solution to Problem 12.35(c) for an example 
of such a loss.) 

(c) The data indicate the presence of chlorine, which has a mass of 35: loss of 36 mass units, then, could 
correspond to loss of НСІ (See the solution to Problem 12.20(c) for an example of such a process.) 


The reaction with NaH and CH;l is a Williamson ether synthesis to form a methyl ether. 


R—oH Mil. ## р__осн, 
mass = 102 mass = 116 
A B 


Whatever the mass of the starting alcohol A, the methylation adds 14 mass units. Because the Cl mass spectrum 
of B has m/z = 117, ether В itself has w/z = 116, and alcohol A then has a mass of 116 — 14 = 102. The m/z = 87 
peak in the mass spectrum of A represents a loss of 15 mass units, which is a methyl group. The m/z = 73 peak 
represents a loss of 29 mass units. which is an ethyl group. The tertiary alcohol C—OH group has a mass of 29. 
The mass of 102 can he accounted for if the carbon of this alcohol group bears two ethyl groups (58 mass units) 
and one methyl group (15 mass units). Compound А is therefore 3-methyl-3-pentanol. and its fragmentation 
with loss of an ethyl group occurs by a-cleavage: 
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AEN. з 
CH;CH,—C—CH, е. CHCH;-(C— CH, — CH;CH)—C—CH, + CH,CH, 
| 2 
CH4CH; CH;CH, т = 73 
таѕѕ = 102 molecular ion 
A 


3-methyl-3-pentanol 
(We leave it to you to show the formation of the m/z = 87 fragment.) 


12.38 First ask what products are expected from the reaction. Two constitutional isomers, both with molecular mass = 
88. are anticipated: 


` 2) н;0,/ -OH | ; 
C = С —————% CH4CHCH;CH;CH, + CH,CH;CHCH;CH; 
H 'CH,CH, 2-pentanal 3-pentanol 


trans-2-pentene 


Spectrum (b) is consistent with 3-pentanol: the base peak at m/z = 59 corresponds to loss of CH4,CH;—. and 
there are two ethyl groups in this compound that could be lost by a-cleavage. Spectrum (a) has a base peak at 
m/z = 45 that corresponds to loss of 43 units (a propyl group). 2-Pentanol has a propyl branch that could be lost 
as a radical Бу a-cleavage. 


When unknown compounds come from a chemical reaction. use what you know about the 
rcaction as a starting point for postulating structures. 


12.49 (a) The molecular mass of | -methoxybutane is 88. It can lose a propyl group (43 mass units) by a-cleavage 
to give a peak at m/z = 45: 
g p Ф - > 
сњенён, CH, “OCH, ——À* CH;CH;CH; + CH;—OCH; 
molecular ion of | -methoxy butane miz= 45 


It can also lose methanol following a hydrogen transfer. (This mechanism is analogous to the one by 
which water is lost from primary alcohols, shown in Eg. 12.262. text p. $97.) 


+ + 
ну £-OCH, H—ÓCH; 
<] . | . + ee 
CH3CH;CH — CH; —— CH4CH;CH — CH; — CH4CH;CH —CH; + H— Осн, 
molecular ion of m/z = 56 
l-methoxy butane 


(b) 2-Methoxybutane. molecular mass = 88, can lose either a methyl group (15 mass units) or an ethyl group 
(29 mass units) by a-cleavagc. Such losses would give rise to peaks at m/z = 73 and m/z = 59, 
respectively. The ethyl group is lost preferentially because of the relative stability of the ethyl versus the 
methy! radical. 


euh den 
CHA E CH — CH, — снн, + CH—CH, 
molecular ion of тт = S9 


2-methoxybutane 
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The three peaks correspond to didromomethane molecules that have, respectively. two atoms of Br, one atom 
each of "Br and *'Br, and two atoms of Вг. The probability of any combination of two isotopes is the product 
of their separate probabilities. Make a table of the possibilities using the relative abundances from Table 12.3. 
text p. 595: 


Br #1 Br #2 
т> = 172 79 79 relative probability = (0.5069): = 0.257 
m/z = 174 79 81 relative probability = (0.5069X0.1931) = 0.250 
x 81 79 relative probability = (0.5069X0.4931) = 0.250 
total relative probability 0.500 
m/- = 176 81 81 relative probability = (0.4931) = 0.243 


The probabilities. and therefore the relative abundances. of the molecular ions in dibromomethane are in the 
ratio 0.257:0.500:0.243, or 1.00:1.95:0.95. or about 1:2:1, as asserted in the problem. 


| The middle entry of the table above shows that two different isotopes can occur within the same 
a> compound in two ways. An analogy is the combinations that can be rolled with a pair of six- 
sided dice. There is only one way to roll a "2" (a *1" on each of the dice), but there are two 

ways to roll a 73" (a ^1" on one of the dice and a 72" on the other. and vice-versa). 


Follow the procedure used in the solution to Prohlem 12.40, except that the relative abundances are thase of the 
chlorine isotopes. 


С1 #1 Cl #2 
m/z = 84 35 35 relative probability = (0.7577): = 0.574 
е 35 37 relative probability = (0.757740.2423) = 0.184 
j 37 35 relative probability = (0.2423)(0.7577) = 0.184 
total relative probability 0.368 
m/z = 88 37 37 relative probability = (0.2423)? = 0.059 


Taking the peak at m/z = 84 as 100%. the ratios of the peaks are 100%, 64.1%, and 10.3%. respectively. 


(a) The molecular mass of ethyl bromide (CH ;CH;Br) is 108 (for ™Br) and 110 (for "'Br). Consequently. the 
ion with m/z = 110 is the molecular ion of the molecule containing the heavier isotope. It is formed by 
ejection of an electron from one of the bromine unshared pairs: 


Снн, —6r: — CH,CH, — Br: 
m/z = 110, 108 


(b) The ion with m/z = 108 is the molecular ion containing the lighter bromine isotope. and it is formed by 
the process shown in part (a). 

(c) Тһе fragment at m/z = 81 corresponds to the formation of a bromine cation and an ethyl radical from the 
compound containing the heavier bromine isotope: 


А 
“| ғ 
\ 


ГА ? ГА 
CH,CH;—Br: ——> CH,CH, + "Br: 
т: = 81, 79 


(d) The ion with m/z = 79 is the bromine cation formed from the molecular ion containing the lighter 
bromine isotope. and it is formed by the mechanism shown in part (c). 
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(e) Тһе fragment at m/z = 29 is the ethyl cation formed by inductive cleavage at the carbon-bromine bond: 
^ : 
CH,CH,~— Br: — CH;CH, F :Br: 
т/с = 29 


(f) Тһеіоп with m/z = 28 is an odd-electron ion formed from the molecular ion by hydrogen transfer 
followed by loss of HBr: 


H „С-г: H— Br: 
SI" uu у 258 А 
H;C — CH; к=: H.C — CH; —» HC—CH, + H—Br: 


m/z = 28 


(g)  Theion at m/z = 27 could arise by climination of a hydrogen atom by a-cleavage from the ion with 
m/z = 28 formed in pan (f). 


н... 
н Сн —» H,C=CH + H- 


тг = 28 т = 27 


The presence of an odd number of nitrogens in а molecule containing. as the other atoms, any combination of С, 
Н. О, and halogen reverses the odd-electron/even-electron mass correlations in Sec. 12.6C on text p. 596 
because such a molecule must have an odd molecular mass. (Molecules containing no nitrogen or an even 
number of nitrogens have even molecular masses.) 


(a) Тһе molecular ion of any molecule, because it is formed by ejection of a single electron, must be an odd- 
electron ion. 

(b) А fragment of even mass containing one nitrogen is an even-clectron ion. (The ion in the solution to 
Problem 12.35(a) is an example.) 

(c) A fragment ion of odd mass containing a single nitrogen must be an odd-electron ion. 


(a) Sigma (a) electrons are held closer to the nucleus than лт electrons; by the electrostatic law, attraction 
between particles of opposite charge (such as an electron and a nucleus) is greater when the particles are 
closer. Hence. there is a greater energy of attraction of the nucleus for a electrons. This means that more 
energy must be used to remove a с electron; hence, а 7 electron is removed more easily. An equivalent 
explanation is that the bord dissociation energy of a typical т bond is considerably less than that of a о 
bond (sce Table 5.3, text p. 216). It should take less energy to eject an electron from a weaker bond—a 
т hond—than it does from a stronger bond—a с bond. 

(b) The structure of the ion formed by loss of a 7r-electron from l-heptene: 


CH4(CH;,CH = CH; * | CHCH; ČH — CH, + CH;(CH,),CH — CH; ] 
1-һер!епе 
Because the unpaired electron is in a т molecular orbital and is therefore shared between the 


two carbons. we can put the unshared electron (and therefore the positive charge) on either 
carbon. 


(c) Тһе ion formed in part (b) is identical to the ion formed from |-heptanol in Eq. 12.26a of the teat. 
Because the fragmentations of both molecules involves the same ion, their mass spectra reflect the 
fragmentation of this ion and are identical. 


Nuclear Magnetic Resonance 
Spectroscopy 


STUDY GUIDE LINKS 


LT 13.1 Approaches to Problem Solving 


The approach given on pp. 621-622 in the text for solving NMR structure problems is not 
necessarily the only approach. For example. you might take step 5 first. The point is that you 
should be systematic and extract all the information vou can from each piece of evidence in the 
spectrum before starting 10 write complete structures. 

A good analogy (suggested to the author by a reviewer) is the various approaches to working 
a jigsaw puzzle. Some people start by working around the borders. and others by looking for 
unique patterns or colors in the picture on the box in which the puzzle is packaged. The important 
point is that fitting together pieces of the puzzle at random is not likely to yield a solution in a 
reasonable amount of time: your approach must be systematic. 

The dangers of using "recipes" for problem solving were discussed in Study Guide Link 9.3 
on p. 226 of this manual. Remember that exceptions to any recipe will occur. and you will be best 
cquipped to deal with such situations by developing your own approach and understanding the 
basis of each step. Do not let any "recipe" inhibit you from trying your own style of problem 
solving. Ultimately the style that works for you is the right one. The way to become proficient in 
developing your own style of problem solving is to practice. As you develop your problem-solving 
techniques, you are dong more than learning about NMR (or other aspects of organic chemistry): 
you are developing a life skill. 


13.2 Моге NMR Problem-Solving Hints 


When you solve structure problems with NMR (or any sort of spectroscopy). it is very important 
that you be intellectually honest with yourself. Do not force a structure to fit the data. That is. 
write down each observation from the spectrum and then write down what it tells you. This point 
can be illustrated with the jigsaw-puzzle analogy in Study Guide Link 13.1. Anyone who has 
worked a jigsaw puzzle has encountered pieces that look as if they should go together, but do not 
quite fit; the temptation to force-fit the pieces is often great—but force-fitting never solves the 
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puzzle. When you propose a structure, be able to defend it on the basis of evidence that you can 
cite. If you must guess a structure, then you haven't really solved the problem. If you are stymied 
by a structural problem, write down all possible structures that seem to fit the data. Ask yourself 
carefully whether each of these structures fits all the information available: chemical shift, 
integration, and splitting. Sometimes the act of writing down and analyzing the information in this 
way will lead to a solution. If you must consult the solution without having completely solved the 
problem, then at least you have defined the points of uncertainty. If, after looking at the solution. 
you still don't see why your structures are ruled out, seek assistance! You can sometimes learn 
more from a situation like this, as frustrating as it is, as you can from a correctly worked problem! 

Now to some specific tips. The author has observed a tendency among some students to 
assume that protons that are physically adjacent in a structure must also have absorptions that are 
adjacent in their NMR spectra. Don't be caught in this trap. Although this may be true in specific 
cases, in general it is not something that you can rely on. 

The last hint is to remind you about common splitting patterns in NMR spectra that appear 
over and over again. These patterns are so easy to recognize that they immediately suggest the 
presence of certain groups. Let's consider a few of these. 

A three-proton triplet at high field along with a two-proton quartet at lower field [Fig. 
SG13.1(a)] is the earmark of an ethyl group in a structure CH4CH.— X, in which the group X has 
no coupled protons. Ethyl esters and ethyl ethers show this type of pattern. The chemical shift of 
the quartet provides information about the nature of the group X. 

А one-proton septet or multiplet at low field along with a six-proton doublet at high field [Fig. 
SGI3.1(b)] is characteristic of an isopropyl group. Sometimes the one-proton pattern, because of 
its complexity, is buried among other absorptions. or is otherwise difficult to distinguish. In such 
cases, the six-proton doublet alone can be used to diagnose an isopropyl group. Likewise. a three- 
proton doublet at relatively high field is characteristic of the methyl group in the following partial 
structure: 


\ 
CH— СН; ——— a 3-proton doublet 
A three-proton singlet almost always suggests a methyl group. For example. a three-proton singlet 


in the 6 3—3.5 region in many cases corresponds to à CH,O— group. A nine-proton singlet a tert- 
butyl group. Be on the lookout for these common patterns when you solve unknowns with NMR. 


6Н 


X—CH;CH; X— CH(CH3); 
31 
2H 
sls |I А 
(а) ethyl group (Б) isopropyl group 


Figure SG13.1 Two splitting patterns commonly observed in proton NMR spectra. In this diagram, absorption 
peaks are representec as lines. 
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Several collections of known spectra are available in many libraries. One excellent collection 
is the Aldrich Library of Carbon-13 and 300 MHz Proton NMR Spectra. Although these volumes 
contain a limited number of spectra. they do encompass a large number of simpler compounds. A 
more extensive collection is the Sadtler Standard NMR Spectra, which includes literally thousands 
of spectra. most of which are 60 MHz spectra. Because these spectra arc taken at lower field, they 
are in some cases more complex than spectra of the same compounds taken at higher field. (This 
point is discussed in Sec. 13.5B.) However. this collection nevertheless contains a wealth of 
relatively simple spectra. (Sadtler has also published a more limited catalog of 300 MHz spectra.) 
A corresponding collection of carbon-13 spectra also exists. (Carbon NMR is discussed in Sec. 
13.9 of the text.) АП of these collections contain good indexes, including formula indexes, that 
allow you to find spectra quickly. A good way to improve your ability to interpret NMR spectra is 
to look through the formula indexes of these collections for compounds with relatively few 
carbons—say. eight carbons or fewer for aliphatic compounds—and try to write the structure from 
the name. Then predict the spectrum, and. finally. check your prediction against the actual 
spectrum. If your prediction doesn't match the actual spectrum, try to explain why. 


FURTHER EXPLORATIONS 


13.1 Quantitative Estimation of Chemical Shifts 


This section provides some tools for making тоге quantitative estimates of chemical shifts than 
Fig. 13.4 in the text. The basis of all these methods is that the influence of surrounding groups on 
the chemical shift of a set of protons is largely additive. 

The chemical shifts of compounds H,C—G, where G is a substituent group. can be read 
directly from the second column of Table SG13.1. For example, the chemical shift of СНЗІ is 
6 2.2. (Tables ure found at the end of this section.) 

Table SG13.1 also provides the data that can be used for calculating the chemical shifts of 
methylene groups in a compound G'—CH;—G?. where С! and С? are attached groups. To 
estimate the chemical shift, we simply add the shift contributions of the two groups to 0.2. That is, 


8(G'—CH;,—G?) = 02 + (С!) + (С?) (SG13.3) 


where o(G!) and (С?) are the shift contributions of the two groups. These shift contributions are 
given in the last column of Table SGI3.I. 

For example, suppose you want to calculate the chemical shift of the methylene protons of 
methylene chloride (СН,СІ,). In this example. С! = G? = Cl. Applying Eq. 5613.1. with G! = 
G* = 2.5, we have 5 (CI—CH;—Cl) = 0.2 + 2.5 + 2.5 = 52. The actual chemical shift of 
methylene chloride is 6 5.3. (This method gives results that are generally accurate to within a few 
tenths of a ppm.) 

Here are some other examples: 


H;COCH;C-—N: 0.2 + 2.4 + 1.7 = 6 4.3; the observed shift is 6 4.25. 
HiCOCH.OCH;: 0.2 + 2.4 + 2.4 = 65.0. (Figure 13.1 shows that the actual shift is 64.6.) 
H,COCH.CI: 0.2 + 2.5 + 24 = 6 5.1; the observed shift is ô 5.5. 


When using this method, the effect of a f3-halogen. f-ether. or В-ОН group can be taken into 
account by adding another 0.5 ppm. For example, let's estimate the chemical shift of the boldfaced 
protons in the following compound: 


Br—CH,—CH;,—CI 
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In this example, the chlorine is £ to the protons of interest. Using Eq. SG13.1. we have 
6= 02+ 0.6 + 2.3 + 0.5 = 3.6 


where the last 0.5 is the contribution for the B-halogen. (The observed shift is 8 3.3.) 
A review of this approach can be found in two articles in the Journal of Chemical Education. 
which you should be able to find online or in your college library: 


E. C. Friedrich and К. С. Runkle. J. Chem. Educ.. 1984. 67, 830-832: ibid., 1986, 63, 127-129. 


The second of these articles extends the method discussed in the text to the chemical shifts of 
methine protons. 

Another method for estimating chemical shifts makes use of a very useful tabulation of 
chemical-shift data that was assembled by Tom Curphey (who became a professor in the 
Dartmouth School of Medicine) while a graduate student at Harvard in 1961. and subsequently 
modified by Harry Morrison (now Professor Emeritus of Chemistry and Dean Emeritus of Science 
at Purdue). The Curphey-Morrison data are given in Table SG13.2 on pp. 373. (Tables follow at 
the end of this section.) 

The use of this table can be illustrated by a calculation of the chemical shifts of the various 
protons of the following compound. 


Cl 
a | b с а 
H,C—CH —CH,— CH,—Cl 


Protons а are methyl protons; therefore begin the calculation with a base shift of 60.9. To this add 
8 0.63 for a chlorine B to a methyl group (first line. last column of the chlorine entry). The 
predicted chemical shift of protons a is 8 1.53. (The observed shift is 5 1.60.) 

Proton b is а methine proton: begin with a base shift of 6 1.55. To this add 6 2.55 for an 
a-chlorine contribution (third line for chlorine under "Alpha shift") for a predicted chemical shift 
of 64.10. (The observed shift is 6 4.27.) 

Protons с are methylene protons with two f-chlorines. The predicted shift is ô 1.20 + 
60.53 80.53 = 62.26. (The observed shift is 8 2.15.) 

Try to predict the chemical shift of the protons d. (The observed shift is 6 3.72.) 

The comparisons given above between calculated and observed shifts illustrate the point that 
the chemical shifts calculated by this (or any other) method are estimates; do not rely on them for 
accuracy to more than a few tenths of a part per million. 

The Curphey-Morrison table gives explicitly the contributions for B shifts as well as the shifts 
for methine protons. Its advantage over the Table 5613.1 is that it can be used to calculate the 
shifts of methine protons. However, it does not predict very well the shifts of CH; or CH protons 
bound to two or more electronegative groups. (For example, the predicted shift of CHCl, is 6 5.8; 
the method above using Eq. SG13.1 predicts 8 5.2; the observed shift is 8 5.3.) 


13.2 Fourier-Transform NMR 


In FT-NMR, the sample is pulsed with a very intense, short pulse of rf radiation that causes all the 
nuclear spins to absorb energy simultancously. The decay of absorption is then monitored for a 
second or two. During this time. all the nuclear spins in the sample return to their normal 
equilibrium distribution of +1/2 and —1/2 spins and, in doing so, emit radiofrequency energy. each 
at its characteristic frequency. An analogy is the ringing of a bell. When we "pulse" (strike) the 
bell, all frequencies (pitches) in the bell are activated simultaneously. As the bell rings, the pitches 
add together to give the characteristic sound of the bell. which dies out over time. An actual graph 
of this rf energy decay for dimethoxymethane (the compound whose spectrum is shown in Fig. 
13.1 on p. 612 of the text) is shown in Fig. SG13.2. Remember, this is the total rf emitted from all 
the different proton frequencies simultaneously. You can see the die-out over time, as well as the 
periodic pulsing of the rf, in the same sense that you can hear pulsations in the sound of a bell 
when it rings. (In fact, this trace is sometimes called a "ringdown.") A mathematical technique 
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called Fourier transformation can be used to translate the ringing of the bell over time into a plot 
of sound intensity versus pitch (frequency). Such a plot would be a spectrum showing the different 
pitches of which the sound is composed and their relative intensities. The same technique can be 
applied to the decaying NMR signal over time to convert it into a plot of absorption intensity 
versus frequency (or field). which is the conventional NMR spectrum. Thus. Fourier 
transformation of the data in Fig. SGI3.2 provides the actual NMR spectrum of dimethoxy- 
methane shown in Fig. 13.1 on p. 612 of the text. This mathematical process. once very laborious, 
is performed in a fraction of a second on a desktop computer. 


radiofrequency (rf) energy 


0 100 200 300 400 500 600 700 800 
time, milliseconds 


Figure $G13.2. An NMR “ringdown This is the emission of all frequencies as a plot of radiofrequency (rf) 
energy versus time following the pulse of dimethoxymethane with a short, powerful burst of rf energy. Fourier 
uansformation of these data give the spectrum in Fig. 13.1 on p. 612 of the text. 
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Group Contributions for Estimating Chemical Shifts of CH; 
Protons Using SG13.1 


Functional group G o(G) for —CH,—G 


aad 
o 


(R= 
she OR D H) 
3.6 (R = alkyl) 
—0— A OR 3.8 (R = aryl) 


) m 


— C—NR, alkyl, H) 
R O 

p (R= 
—N—C—R alkyl, H) 


NR, (R —ali, H) 


№ 


! N[NIL GS 
[үт] еи К»; 


2.1 (R = alkyl) 
2.6 (R = Н) 
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Table SG13.2 The Curphey-Morrison Table for Estimating 
Chemical Shifts* 


Effect of a Substituent G on the Chemical Shifts of H" and H” 
К 
ыла 
H" H^ 
Base Values of Shift Positions: —CH, 60.99 —CH,— 61.20 


| 
—CH— 81.55 


Type of Beta 
Functional group G hydrogen shift 


CH; 0.63 
0.53 
0.03 


0.83 

—Br 0.60 

| 0.25 

1.23 

H 0.58 

0.00 

NEN 


0.35 
0.53 
0.22 


0.25 
0.25 
0.30 


0.05 
0.10 
0.00 


0.35 
0.15 


(Table continues) 
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Type of 
Functional group G hydrogen 


CH; 


*Reprinted by permission from the Ph. D. dissertation of T. J. Curphey. Harvard University. 1961. 
as modified by T. J. Curphey and H. A. Morrison 
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(a) This is the structure given in Problem 13.9(b). 


С! 
51.08 
(СНз) С —C(CH3); 
8 1.59 


Another structure consistent with the data is the following: 


> cl 


CH,CH;—C— CH,CH, 


This is a satisfactory answer at this point in the chapter. However. as you will learn in Sec. 13.4 
of the text, the spectrum of this compound will consist of a number of lines that result from a 
phenomenon called splitting, which occurs when protons are on adjacent carbons. 


(b) 
86.55 Ts s 1.99 
Ссн — C — CH, 
CH;CI 
5431 


The spectrum will contain three resonances. which arise from the protons labeled а, b, and c. 
b 
OCH; 
а с с а 
CH30 NS BEL OCH, 
a 
CH;— OCH; 


Protons а, integrating for 9H, occur near 63.2. Protons 5. integration for 3H, will have nearly the same 
chemical shift. Because these protons are chemically nonequivalent to protons a. their chemical shift should be 
different, but only slightly. Protons c, integrating for 677. should have a somewhat greater chemical shift than 
protons a or b— probably about 6 3.5— because methylene protons have a slightly greater chemical shift than 
methyl protons in similar chemical environments. 


(a)  Thisisa quantitative analysis problem that can be solved by assigning the resonances and using their 
integrals. The resonance at 6 1.8 is that of rerr-hutyl bromide, and the resonance at 4 2.2 is that of methyl 
iodide. (These assignments follaw from Table 13.1 and Fig. 13.4 on text pp. 619 and 621. respectively.) 
The ratio of methyl iodide to tert-butyl bromide is 15:1. This follows from the fact that there are three 
times as many protons in the tert-butyl bromide molecule as in the methyl iodide molecule: thus, for a 
given concentration, the rert-butyl bromide gives a resonance that is three times as intense as that of 
methyl iodide. 


5-proton resonance for СН „І 9 protons per molecule 15 molecules of CH ‚1 
3 protons per molecule | -proton resonance for (CH,),Br ] molecule of (CH,),Br 


The mole percent of СНз is the number of moles of CH, (15) divided by the total moles of both com- 
pounds (16) expressed as a percent. Therefore. the mole percent of CHI is (15/16) x 100. or 94 mole 
percent: the mole percent of (CH4)4CBr is (1/16) x 100. or 6 mole percent. 

(b) The (CH,),CBr impurity in СН is more easily detected, because a given mole fraction of (CH)),CBr 
gives a resonance that is three times as strong as the resonance for the same amount of CHI, as the 
solution to part (a) of this prohlem demonstrated. 
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13.13 


13.14 


13.15 
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In the following discussions, the integral is not mentioned. It corresponds to the number of protons under 
observation in each casc. 


(a) 


(b) 


(c) 


(d) 


(e) 


The resonance of the CH; protons should be a doublet (one neighboring proton) in the alkyl region, 
which is 50.7 1.7. Because of the f-chlorines, this doublet will probably be at the higher end of this 
range. The —CHCLl; proton is a quartet at considerably greater chemical shift. Fig. 13.4 (text p. 621) puts 
6 4.2 as the limit on the chemical shift of a CHC] proton; because there are two chlorines, the resonance 
would be at higher shift. (The shift of CH;Cl; in Table 13.1 is 6 5.3; a methine proton would be shifted 
even more.) 

The protons of the CICH.— group would be a doublet at ô 4.2 or higher. The protons of the —CHCl; 
group would be a triplet at considerably greater chemical shift. This chemical shift would be similar to, 
and probably somewhat greater than, the chemical shift of the —CHCI, protons in part (a). (The greater 
shift would be caused by the В chlorine.) 

The methyl groups would be a large doublet in the ó 0.7-1.7 range. probably near the middle. (The 8 
halogen would increase the shift, but methyl protons are usually near the low end of the ranges given in 
Fig. 13.4, p. 621.) The methine proton would be a septet near 6 3.0. 

This compound, | ,3-dime:hoxypropane, should have three resonances. The methylene resonances for the 
boldfaced protons CH,OCH,CH,CH,OCH; should be a triplet in the 5 3.5 region, because there are two 
neighboring protons. The central —CH;— should be a quintet (a five-line pattern), because there are four 
neighboring protons. This would normally be in the 6 1.0 region, but should appear at somewhat greater 
chemical shift, perhaps around 6 1.8, because of the B-oxygens. The methyl groups should be one large 
singlet near 6 3.2. 

This compound (oxetanc) is really a "tied-down" version of the compound in part (d) without the methyl 
groups. The methylenes closest to the oxygen are a triplet near 6 3.5, and the central —CH.— should be 
a quintet (a five-line pattern) near ё 1.8. 

The spectrum of this compound consists of two singlets. The —CH;— resonance occurs at a chemical 
shift greater than 4 4.2 (because of the B-chlorine). and the methyl groups should appear in the à 0.7-1.7 
region, probably towards the higher end because of the chlorines. 


More precise estimates of chemical shift can be made using the methods discussed in Further 


-— Exploration 13.1 on p. 369 of this manual. 


There are four possibilities for the spin of three neighboring equivalent protons 5; these are shown in the 
following table. There are three ways in which two spins can be the same. This table shows that the resonance 
for protons a would be split by the three protons б into a quartet whose lines аге in the intensity ratio 1:3:3:1. 


(a) 


(b) 


1 2 3 1 2 3 1 2 3 1 2 3 
all (+) two (+), one (-) one (+), two (-) all (-) 


"A на А 


spin 
combinations 


HA +4 +4 | +H -A th 


-A +4 + 


This structure is ruled out by several facts. First, there are eight nonequivalent sets of protons in this 
candidate: notice that the iwo CH,O— groups on the left, as well as the CH» protons, are diastereotopic, 
and hence. nonequivalent. The actual NMR spectrum shows five sets of protons. Also. this candidate 
should have three methoxy singlets unless two of them accidentally overlap. Furthermore, the methyl 
group on the right should be a doublet. whereas it is actually a singlet. 

This candidate would alsa be expected to have егей nonequivalent sets of protons. (Can you find them 
all?) This would also not show two triplets, and there should be four methoxy singlets (three if the two 
diastereotopic ones accidentally overlapped). but certainly not two. 
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13.18 
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(a) ib) (c) 
8103 83.40 8398 8587 CH;Br 
H4C— CH; — CH; — Br CICH; — CHCI | 
ч a: ашы... BrCH,CCH,Br 


ô 1.88 | 
CH;Br 


The molecular formula indicates no degrees of unsaturation: this rules out rings or double bonds. The IR 
spectrum rules out an alcohol. АЛ of the oxygens, then, are associated with ether groups. The 9H singlet at 8 3.2 
requires three equivalent CH ;O groups. The unsplit 3H resonance at 6 1.2 indicates a methyl group on a 
quaternary carbon. The 6/7 triplet at 6 3.4 suggests three equivalent СН» groups attached to an oxygen. These 
СН, groups. from their splitting, are also adjacent to three other CH; groups, which must be the six protons at ô 
1.4, and these are also attached to a quaternary carbon. because they are split only by the СН» groups. А 
structure with this number of carbons and only four resonances must involve a high degree of symmetry. A 
structure that fits all the data is the following: 


612 
CH 
Vl 83 


CH,OCH,CH,—C—CH,CH,OCH, 
| 
CH,CH,OCH; 


514 834 


(a) The reaction is the peroxide-promoted HBr addition to the alkene (Sec. 5.6 in the text): 


BICH.CH— CH, + H—Br -*#®®®„ — gro H,CH;CH;Br 
A-bromo-1-propene 1,3-dibromopropane 
compound А 


(b) The chemical shifts and splittings are indeed consistent with this structure. The resonance of the central 
methylene group is predicted to be a quintel in the 6 0.7—1.7 range (Fig. 13.4): the B-bromines will 
probably bring this to the high end of this range or beyond: and the resonance for the two methylenes a 
to the bromines is predicted to be a triplet near ô 3. The splittings agree exactly. and the observed 
chemical shifts are acceptably close. 


(a) The resonance for protons H^ will be a singlet. The resonances for protons Н“, H^.and Н“ will all be 
triplets at their respective chemical shifts since the coupling constants for protons a - c are all equal. the 
splitting will follow the + 1 rule. 


(b) Тһе resonance for protons H^ will be a singlet as in part (а). The resonance for proton H° will be split 
into a triplet by the twa H" protons, by whatever the coupling constant between those two protons is. The 
resonance for protons H* will also be split into a triplet by the two H^ protons, but the triplet will have 
different spacing hetween its peaks due to the different coupling constant between protons 5 and c. The 
resonance for the H^ protons will be split into a doublet of doublets instead of a triplet as in part (a). due 
to the unequal coupling constants. 
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resonance position of H^ 


idis. apply larger splitting with 
p ч а 1:1 гапо 


"p s pe es apply smaller splitting with 
t 
' ' ' * adel rato 


appearance of H* resonance 
a doublet of doublets 


Note that in the above solution, the larger of the two coupling constants was applied first, 
followed by the smaller. It is arbitrary which gets applied first; doing the reverse (smaller 
followed by larger) will result in the same splitting pattern. Prove it to yourself! 


13.20 The resonances for protons Н“ and Н“ will be doublets at their respective chemical shifts, and the resonance of 
proton H^ will be split into a quartet (J = 6.6 Hz) by the three protons H'. and each line of this quartet will be 
split into a doublet (J = 3.6 Hz) by the single proton Н“. The resonance for Н? can be analyzed with a splitting 
diagram as shown in Fig. SG13.3(a). The complete spectrum is sketched in Fig. SG13.3(b). 


fesonance position of H* 


Ww 
РЧ. apply 6.6 112 splitting with 66 IL 
(r7 “ ` Co a ЛАЛ mto (hrec neighbors) 
d 
Ir s 
1 | | I 361b complex paticm denved 
peti nl g ao -—7--. apply 3.6 Hz splitting with о аз shown above 
i 1 ' ! ' а 1 1 mto (one neighbor) | | i ` 
iat el "я 
ot EP Pie | | ) : 
ee СЕ | 
" rap = 
appearance of H* resonance 8582 5440 5178 
(b) 


(a) 
Figure 5613.3. (a) Splitting diagram for proton H to accompany the solution to Problem 13.20. 
(b) The complete NMR spectrum for 1,1,2-trichloropropane. Compared with the diagram in part (a), horizontal 
and vertical scales have been compressed. 
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(b) 


(b) 
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Because protons H^ and Н“ are diastereotopic, they are chemically nonequivalent: therefore. counting the 
methyl group. there are four chemically nonequivalent sets of protons. The methyl group is split into a 
doublet by Н“. The resonance for proton Н“ is split into a quartet by the methyl protons. and cach line of 
this quartet is split into a triplet hy H^ and Н", to give a "quartet of triplets.” or twelve lines, for proton 
H“. (The triplet is the result of two overlapping doublets with Jas = Jac: see Fig. 13.11 on text p. 639 for a 
related case.) Because H^ and H‘ are diastereotopic. they absorb at different chemical shifts. Proton H^ is 
split by proton Н“ into a doublet, and each line of this doublet is split into another doublet by Н“. 
Therefore, proton H” is a doublet of doublets, or four equally intense lines. The same is true of Н“ —its 
resonance will be four equally intense lines at a slightly different chemical shift from the resonance of 
Н”. Several of these patterns may overlap to create a very complex-looking spectrum. 

The difference from part (a) is that, in the quartet resonance for proton Н“, each line of this quartet is 
split into a doubles by H^ and into another doublet by H‘, to give a "quartet of doublet of doublets,” or 
sixteen lines. Accidental overlaps could reduce this number. 


The integration of the 6 3.42 resonance and its splitting show that compound A has the partial structure 
—CH;CH:Br. The 60.91 resonance indicates the two methyls of an isopropyl group. This means that 
compound A can only be 


(CH3 CHCH;CH; — Br 


1-bromo-3-methylbutane 
(isoamyl bromide; compound А) 


Compound В, from the chemical shifts, has no hydrogens a to the bromine. Hence, this is a tertiary alkyl 
halide. We see two methyl singlets and an ethyl quartet, which determine the structure. 


CHCH,— C -Br 
CH; 
2-bromo-2-methylbutane 


Running the spectrum of compound A at higher field could simplify the complexity of the 5 1.7-1.8 
resonance. This region contains the combined resonances for the following protons: 


ô 1.7-1.8 
(CH,),CH == CH;— CH;— Br 


The difference in chemical shift hetween these protons, in Hz. would increase (double). but the coupling 
constants would remain unchanged. Thus, the likelihood that Eq. 13.12 (text p. 642) is valid would he 
increased. In the event that all resonances are first-order. and all coupling constants are nearly equal. the 
—CH».— group would become a quartet and the methine CH of the isopropyl group would remain 
complex (21 lines cven if first-order). 


The ô 1.2—1.5 resonance corresponds to the following protons in 1-chlorohexane: 


6 1.2-1.5 


HaC — CH;— CH;— CH; — CH;— CH;— СІ 


1 -chlorohexane 


The complexity and hence, the inability to assign an exact chemical shift. arises because of complex splitting of 
the protons of interest. To solve this problem. we would prepare the deuterium-substituted analogs. in which 
this splitting is not present. 
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D;C —CH;— CD;— CH; — CH;— CH;— СІ H,C— CD,—CH;— CD; — CH;— CH;— Ci 
compound 4 compound В 


In the NMR spectrum of compound A. protons a would be a singlet, and protons c would be a simple triplet. 
(These are well separated from protons d; see Fig. 13.13, text p. 642.) In the NMR spectrum of compound В, 
protons b would he a singlet. 


13.24 (a) Assuming that in the absence of Р.О. the sample is very dry. the spectrum of 3-methyl-2-buten-1-0l 
would change as follows as the result of a D;O shake: 


doublet of no resonance 
ublets i double! in! MR 
нс doubl 5 triplet HC b | i H NM 
' 0,0 shaka 
Кы Qd — rn CH — CH;— OD 
H;C HC 


3-mcthyl-2-buten-1-ol 


(b) Assuming that in the absence of Р.О, the sample is very dry. the spectrum of 1.2.2-trimethyl- l-propanol 
would change as follows as the result of a D;O shake: 


quartet of 
doublets doublet quartet no resonance in Н NMR 


Eu : 1 ж} 
(сњьс—сн—он OPEL (CHC —CH— OD 
| 


CH; CH; 
(А “quartet of doublets” can also be referred to as a “doublet of quantets.") 


13.25 The total integral is 2219 + 2451 + 7202 + 21,459 = 33,331. The proton with an integral of 2219 corresponds to 
2219/3333] + 14 = 0.93 proton. close to | proton. By a similar calculation. the proton with the integral of 2451 
corresponds to 1.03 proton, or 1 proton. These are vinylic protons, and they are not chemically equivalent. Their 
very small splitting is consistent only with geminal (that is, HxC==) protons. Thus. we have the partial structure 

c 
н;с=с' 
С o 
[^ 
The resonance at ó |.8 integrates for 3 protons. and it is in the allylic region. This means that there is an allylic 
methyl group. The resonance at ё 1.03 integrates for nine protons. Because it is a singlet, this can only be a tert- 
butyl group. This completes the structure: 


81.3 34) 
не, pens 
6 3.64.8 (2/1) i AT 
Н C(CH3 5 1.03 (9/7) 


2,2.3-trimethyl-1-butene 


13.26 (a) Nothing but ethyls and one oxygen! This can only be diethyl ether, CH41CH;—O—CH;CH;. 

(b)  Thelarge coupling constants for both sets of protons indicate splitting by fluorine. The fact that they are 
triplets suggest that they are adjacent to the carbon bearing both fluorines. but not on carbons adjacent to 
each other: otherwise they would split each other as well. The 6 3.63 protons are a to the chlorine. These 
considerations demand the following structure: 
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F 
81.75 | 6 3.63 
НСС CH;—CI 


F 


I -chioro-2,2-difluoropropane 


Remember that the fluorires are not observed in proton NMR. What would the F NMR spectrum look 
like? Answer: a quartet of triplets (or triplet of quartets) with two splittings, coupling constants J = 13 Hz 
and 17.5 Hz, respectively. 


The spectrum of ethyl chloride would resemble that of ethyl] bromide (Fig. 13.6, text р. 628). It would consist of 
a typical ethyl pattern—a triplet (for the CH3) and a quartet (for the CH»). except that the quartet for the СНз in 
the ethyl chloride spectrum would be at a somewhat greater chemical shift than it is in ethyl bromide. In ethyl 
fluoride, the resonance of the methyl group would be a rriplet of doublets. (Splitting by the CH, group gives 
three lines; each of these are splii into two by the fluorine for a total of six.) The resonance of the CH; group 
would be a doublet of quartets. (Splitting by the Quorine gives a widely spaced doublet: each line of the doublet 
is split into a quartet by the CH; group.) The chemical shift of the СН» resonance in ethyl fluoride would be 
expected to be somewhat greater than that of the CH. group in ethyl chloride. 


(a) The unknown is rert-butyl alcohol, (CH;)4C —OH. Notice the absence of an a-proton. 

(b) Тһе exchangeable proton suggests the presence of an alcohol. The resonance at 6 5.40 is a vinylic proton 
adjacent to two other protons, and the resonance at 8 4.10 arises from two protons adjacent to both the 
oxygen and the vinyl group. (Their chemical shift is too great to be caused by either the oxygen or the 
vinyl group alone.) Evidently the sample is wet enough that the splitting between the —OH proton and 
the a-proton is not observed; this situation is very common. (Contrast this with the solution to Problem 
13.242. which involves the same compound.) 3-Methyl-2-buten-1-o0l. (CH ,)7C—CHCH,OH. is the 


structure consistent with the data 


At room temperature, the three conformations of 1-bromo- 1.1.2-trichloroethane are in rapid equilibrium. Hence. 
the NMR spectrum of this compound is a singlet whose chemical shift reflects the environment of the proton 
averaged over time across all conformations. Any changes observed at low temperature would be related то the 
fact that the interconversion between the different conformations is retarded, and thus certain conformations can 
be individually observed at the lower temperature. There are three such conformations, two of which are 
enantiomers: 


CI He H^ 
С! Cl Cl CI CI Cl 
| = - m ш 
He H^ H^ Cl и? He 
Br Br Br 
| В C 


enantiomeric conformations 
have identical NMR spectra 


In conformation A, protons H^ and H^ are equivalent and have the same chemical shift. In either one of the 
enantiomeric conformations. H" and H^ are chemically nonequivalent because they are diastereotopic. In either 
of these conformations, the resonance of H^ is split by H^ and is therefore a doublet: likewise, the resonance of 
Н“ is split by H^ and is also a doublet. Hence. the spectrum of conformation В should consist of two doublets. 
that is, four lines of equal intensity. assuming no overlap. Because conformations B and С are enantiomeric. 
their spectra will be identical. Hence. the total spectrum should consist of one line for conformation А, and two 
doublets for conformations B and C, for a total of five lines at low temperature, assuming no overlaps. The 
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relative integrals depend on the amount of form A relative to the amounts of forms В and C; the latter two forms 
will be present in equal amounts. 


The resonance for the methyl group at room temperature is a singlet. When the temperature is lowered. the 
resonance of this methyl group should consist of two singlets, one for the conformation of 1-chloro- 1 - 
methylcyclohexane in which the methyl group is axial. and one for the conformation in which the methyl group 
is equatorial. The relative integrals of the two singlets will be proportional to the relative amounts of tbe two 
conformations. Because chlorine and methyl are about the same size. there should be about equal amounts of 


the two conformations. 
cl different chemical shifts 
CH, "m singlet 
СЗ CH; 


С! 


I-chloro- 1-mcthvlcyclohexanc 


Because of its symmetry. 4-heptanol has only four chemically nonequivalent sets of carbons, and hence its 
spectrum consists of four lines. and is therefore spectrum 1. All of the carbons of 3-heptanol are chemically 
nonequivalent: hence, the ІС NMR spectrum of this compound consists of seven lines. and is therefore spec- 
trum 2. The following structures show equivalent carbons with the same numbers. 


OH i 
CH;,CH;CH;CHCH;CH;CH; CH,CH,CHCH,CH,CH,CH, 
(ie mae qo үөү 1! 3893 41 749 weg 

4-heptanol 3-heptanol 


The C NMR spectrum of 1,1-d:chlorocyclohexane should consist of four lines, whereas that of cis-1,2- 
dimethylcyclohexane should consist of three lines. (Equivalent carbons have the same numbers in the structures 
bclow.) 


2 CI 2 
у „Сс! 
3 
с! LI 
B 2 3 
; Na 
1,1-dichlorocyciohexane cis-1.2-dichlorocyclohexane 


Because the chair interconversion is rapid. we can use the planar structures of cyclohexanes in 
resolving questions of symmetry. Can you deduce how the "C NMR spectra of these 
compounds would differ — if at all —at very low temperature? 


(a) This compound has five nonequivalent sets of carbons and therefore should give five lines. not three as 
observed. 

(b) This compound should have а "С NMR spectrum with three lines, as observed. Furthermore, the 
attached hydrogen ratio is also consistent with this structure. What is лог consistent, however, is the 
chemical shift information. The 6 112.9 resonance suggests a carbon bound to more than one oxygen. In 
this structure. no carbon is bound to more than one oxygen, whereas in the correct structure. the methine 
(CH) carbon is bound to three oxygens. 


(a) First, draw the structures! 
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CICH; H H Cl 
N / \ 
С=с С=С 
^ / N 
H CH; H CH;CH; 
trans-\-chloro-2-butene 2-chloro-1-hutene 


Two reasons that frans- l-chloro-2-butene (A) is not consistent with the data are that this alkene would 
have a spectrum in which the integral indicates a total of neo, not three, vinylic protons, and two, not one, 
protons on the carbon a to the chlorine. 

Among the reasons that 2-chloro- 1 -butene (B) does not fit the data are that it offers no explanation 
for the à 4.5 absorption, aad it has only two vinylic protons. whereas the observed NMR spectrum 
indicates threc. 


students try to wrestle with splitting data before they have considered other aspects of the 
data that are more straightforward and at least as powerful. Notice in the foregoing solution 
that the alternative structures can be clearly ruled out on the basis of relative integral or 
number of absorptions. 


NV When considering possible structures for consistency with NMR data. some beginning 


(b) The assignments for the vinylic protons are determined by both relative integrals and chemical shifts. 
Terminal vinylic protons always occur, other things being equal. at a smaller chemical shift than internal 
vinylic protons. because alkyl substitution results in a downfield shift. Secondly. the integral for the 
ô 5.0-5.3 resonances is twice that of the б 5.9-6.0 resonances. and there are twice as many terminal 
vinylic protons as internal ones. Finally, the à 5.0-5.3 resonances show splittings consistent with both a 
cis and a trans relationship to other vinylic protons, and the only way this can occur is if there are two 
such protons—one cis to the remaining vinylic proton and the other trans. 

And this brings us to the issue of detailed assignment. Trans splittings are larger than cis splittings. 
Because the vinylic proton at lower chemical shift (about ё 5.1) in the 6 5.0—5.3 set has the smaller 
splitting. it is the one that has the cis relationship to the interna] vinylic proton. The vinylic proton at 6 
5.3 has the trans relationship. This assignment also makes sense because the vinylic proton with the 
larger chemical shift is closer to the chlorine. In summary. 


CI 
split by both vinylic Hs CHCH "Н larger trans splitting 
and by adjacent alkyl H \ / 85.3 
(8 lines in theory; C =Ç 
2 lines overlap; therefore, н "u айе йө 
LSS ыш. 85.9-6.0 85.1 


l would be easy to believe that the methyl groups of A could account for the twelve-proton singlet at à 1.22. 
and the two OH groups for the two-proton exchangeable resonance at 6 1.96; but this leaves no hydrogens to 
account for the à 1.57 resonance. In other words, structure A has two nonequivalent sets of hydrogens, whereas 
the NMR spectrum indicates at least three. Structure A also has two nonequivalent sets of carbons. whereas the 
"C NMR spectrum indicates three. 

Structure В is ruled out by its molecular formula, which is C4H О». But the NMR spectrum is also not 
consistent with structure B, which should have two methyl singlets, each integrating for 6H. and one methyl 
singlet integrating for ЗН, along with one exchangeable OH proton. Although it would have the required three 
resonances, the integration ratio (6:3:1) is different from that observed (12:4:2 or 6:2:1). This difference is well 
within the ability of the spectrometer to differentiate. But the "C NMR is even more definitive. Structure B has 
five nonequivalent sets of carbors, whereas the С NMR spectrum indicates three sets. Even if the methyl 
resonances overlapped accidentally. which is unlikely. the attached-hydrogen analysis for В would predict no 
carbon with two attached protons. 
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equivalent fh 


0—T-CH, 
H С" X OH 
Р CH, CH; 


structure B equivalent 


Solutions to Additional Problems 


13.36 Тһе four pieces of information are 


|l. the number of individual resonances, or peaks (not counting splitting), that are determined by how many 
different sets of inquivalent protons are present: 


2. the chemical shift, which is used to determine what functional groups are near the proton(s) under 
observation: 

3. the integral. which is used to determine how many protons are being observed relative to the total number 
in the molecule: 

4. splitting. which is used to determine connectivity—that is, how many protons are on atoms adjacent ta the 
carbon that bears the proton being observed. 


13.37 (а) The spectrum of cyclohexane is a singlet. The spectrum of its constitutional isomer trans-2-hexene has 
many resonances, including vinylic resonances in the 6 5—6 6 region that are not present in cyclohexane. 
(b) Only I-hexene will have à complex vinylic proton absorption that integrates for 2556 of the total 
absorption (that is, 3 protons); the vinylic proton absorption of trans-3-hexene will consist of a triplet 
integrating for 174€ of the total absorption (that is. 2 protons). 
2 vinylic protons, 
triplet splitting 
3 vinylic protons, 
complex splitting CH;CH, H = 


НС = CH — CH,CH,CH,CH; с=с 
1-Һехепе —-MH CH,CH, 
trans-3-hexene 


(c) The resonance at greatest chemical shift in the NMR spectrum of 1.1-dichlorohexane would be a one- 
proton triplet: this resonance would be at a chemical shift of at least 65.9. The resonance at greatest 
chemical shift in the NMR spectrum of 1.6-dichlorohexane would be a four-proton triplet at about ô 3.3. 
The resonances at highest chemical shift in the spectrum of 1,2-dichlorohexane would be a complex 
pattern in the 8 3.3-4.3 region. How complex depends on whether the diastereotopic protons at carbon- 1 
have different chemical shifts and whether they have different coupling constants with the methine 
proton at carbon-2. 


1-proton triplet present at highest 4-proton triplet present "iol 
chemical shifl—at least 6 5.9 at about 5 3.3 2-proton multiplet in the 
6 3.3-6 4.3 region 
CLCHCH;CH,CH;CH,CH, CICH;CH;CH;CH;CH;CH;CI CICH,CHCH,CH,CH,CH; 
| 
1,1-dichlorohexane 1.6-dichlorohexane Cl 


1.2-dichlorohexanc 


(d) Тһе spectrum of tert-butyl! methyl ether consists of two singlets; that of isopropyl methyl ether contains a 
singlet for the methoxy group. but a more complex doublet-septet pattern for the isopropyl group. 
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1H вере! 
6Н doublet. at 6 3.7 
9H singlet 3H singlet at 6 1.2 | 3H singlet 
at 6 1.2 at ê 3.2 Ne. ! at ô 3.2 
(CH;);C — OCH; (CH3),CH— OCH, 
tert-butyl methyl ether isopropyl methyl ether 


(e) Тһе first compound, Cl,CCH>CH>CHF,, has the absorption at greatest chemical shift and the more 
complex spectrum: furthermore. this high-shitt absorption will show not only H-H splitting. bu! also the 
typically large H-F splitting, and will thus appear as a triplet of iripleis —that is, a triplet in which each 
individual line is a more closely spaced triplet. Only the second compound. CH;CH;CCI;CCIF». will 
show a three-proton triplet at about 6 1 as рап of a typical ethyl triplet-quartet pattem. 


(а) NMR spectroscopy requires that the sample be situated in a magnetic field before absorption of 
electromagnetic radiation can occur. Other forms of absorption spectroscopy do not require the presence 
of a magnetic field. The field establishes the energy difference between nuclear spins. NMR 
spectroscopy also differs conceptually in the phenomenon responsible for absorption: the “flipping™ of 
nuclear spins. 

(b) Some of the protons change from a lower-energy spin to a higher-energy spin. 

(c) The chemical shift in Hz is proportional to the magnitude of the applied field. 

(d) The coupling constant J is independent of the applied field (and also the operating frequency). 

(e) The coupling constant of vicinal protons varies as the angle between them changes. according to the 
Karplus relationship (Eq. 13.10, p. 635). 

(D The chemical shift in ppm (6) does not change with operating frequency my because it is defined as the 
proportionality constant that relates the chemical shift in Hz. Ар, to the operating frequency ro. ‘See Eq. 
13.1 on text p 612.) Recause Av and ug are proportional. 5 for а given resonance is the same at any 
operating frequency. 

(g) The chemical shift difference in frequency units (Hz) between two protons must be considerablv greater 
than the coupling constant between these protons (in the same units). This relationship is embodied in 
Eq. 13.12 on text p. 642. Or. the splitting patterns of the (wo coupled protons should not overlap. 


(a) (c) (e) 

Q (СНз) С — О — C(CH3); H.C XA CH, 

di-tert-butvl ether H.C CH; 
cyclohexane 1.1.22. tetramethyicycloprapane 

(b) (d) 

HC, „CH, (Сн Снн 

E. =C 2,2,4,4-tetramethylpentane 
HC CH, 


2,3-dimethyl-2-butene 
(a) The compound is neopentane (2,2-dimethylpropane). (CH;)4C. 


(b) Тһе compound is cyclopentane. (2,3-Dimethyl-2-butene would not be a Баа answer: see the solution to 
Problem 13.38b. However, 6 1.5 is somewhat low for a chemical shift of the allylic methyl groups.) 


СУ 


cyclopentanc 
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(c) 
(d) 


(e) 


(g) 


th) 


The compound is 1.1-dimethoxyethane. (CH30):CH—CH;. 
The Р.О exchange result indicates the presence of an alcohol. Given that the splitting indicates an ethyl 
group, the integral indicates three equivalent ethyl groups. Because no resonance occurs in the ё 3—4 
region, there is no a proton, that is, no СН—О—. Hence. the alcohol is a tertiary alcohol. The compound 
is 
CH3CH; 
| 
о а 
CH,CH; 
3-ethy1-3-pentanol 
The spectrum shows indicates vinylic protons with no cis or trans splittings. Hence. a partial structure is 


He C— 


The resonances at ó 2.0 and 61.8 are nearly singlets and integrate for 2 and 3 protons, respectively. 
These protons, from thcir chemical shifts, must be allylic. We now have the partial structure 


Н;С= C—CH— 
CH, 
The very small splittings of these groups аге evidently allylic splittings (Table [3.3. text p. 647). The 


remaining resonance is à nine-proton singlet, which can only be a tert-butyl group. This completes the 
structure. which is consistent with the result of catalytic hydrogenation, 


H.C=C—CH,—C(CH,), SM, = H,C—CH—CH,—C(CH,) 
CH, сн, 
2,4,4-trimethyl-1-pentenc 2.2,4-trimethyl-1-pentane 
First. convert the integrals into actual numbers of hydrogens: 
6 1.07 (9H. s); 62.28 (2H, d. J = 6 Hz), 65.77 (1H. t, J = 6 Hz). 


The compound has one degree of unsaturation and a tert-butyl group. This. plus the requirement for two 
chlorines and a partial structure CH;—CH required by the splitting leaves only the following possibility: 
(CH34C — CH;— CH = CCl; 
l.1-dichloro-4.4-dimeths1- I-nentene 
The two protons are evidently equivalent (a single chemical shift), and. from the coupling constants, they 
must be close to the fluorines, but not on the same carbon. The compound is BrCH;CF:Br. 1.2-dibromo- 


I. 1 -difluoroethane. 
Whv not the following compound? 


Br —CH — CH — Br 
F F 
1,2-dibromo-1,2-difluorocthane 


The proton NMR spectrum of this compound would be a doublet of doublets. (Why?) In addition. with 
two halogens on the same carbon, the chemical shift would be much greater. Furthermore. one of the 
H—F coupling constants would be considerably larger because of the presence of a fluorine on the same 
carhon. 


The compound is F,C—CH.—I (1.1.1-trifluoro-2-iodoethane!. The splitting of the protons is caused by 
the fluorines. 
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(b) 


SOLUTIONS TO PROBLEMS - CHAPTER 13 389 


Since there are sixteen protons. the integrals account for 2, 12. and 2 protons, respectively. The 
compound is (CH4;0);,CHCH;CH(OCH з), (1.1.3,3-tetramethoxypropance). better known to chemists as 
malonaldehyde dimethyl acetal. What makes this problem tricky—and the whole point of the problem— 
is that not all of the equivalent protons of a given type are on the same carbon. For example, the two CH 
protons are equivalent and therefore have exactly the same chemical shift; they are split into a triplet by 
the adjacent СН» protons. Likewise. the CH» protons are split by the two adjacent protons into a triplet. 
The рО exchange indicates an alcohol, which must be tertiary. because of the absence of a resonance in 
the 8 3—4 region. The PC ММА spectrum indicates that there are four nonequivalent sets of carbons. The 
doublet-septet pattern indicates an isopropyl group. and the 6-proton singlet indicates two methyl groups. 
The compound. with assigned °C NMR chemical shifts, is 


673.2 


OH 
5265 V 817.6 


H3C x T —CH(CH3); 
CH 58387 


2.3-dimethyl-2-butanal 


The NMR spectrum of the starting material has two sets of resonances. one of which is in the vinylic- 
proton region (ô 4.5-5.0). The other would be a singlet in the allylic methyl range, perhaps around 6 1.8. 
The NMR of the product is a singlet near 6 1.7. To follow the reaction, look for the disappearance of the 
vinylic proton resonance and one singlet and the appearance of the singlet arising irom the product. 

The NMR spectrum of the starting material is a singlet at ô 1.7; see the solution to Problem 13.59(b). The 
NMR spectrum of the product should contain an isopropyl doublet-septet pattern at about 6 0.9 and 6 2, 
respectively. as well as a six-proton methyl singlet near 6 1.4. To follow the reaction. look for the 
disappearance of the singlet at ô 1.7 and the appearance of a doublet around б 0.9. 


The most obvious difference is that the spectrum of I-methylcyclohexene should show one vinylic proton and а 
three-proton singlet (neglecting ény allylic splitting); whereas the spectrum for 3-methyleyclohexene should 
show fwo vinylic protons and a three-proton doublet. 


(a) 


(b) 


Н, СН; ——— 3-proton doublet 
CH, ——— very slight H 
or no splitting | 


| two vinylic protons 


^H ——- onc vinylic proton H 


I-methyleyclohexene 3-methylcyclohexene 


All methyl groups are homotopic: al! methine carbons are homotopic; and all methylene carbons are 
homotopic. (Prove this hy a substitution test if this isn't clear.) Each carbon of one type is 
constitutionally nonequivalent to all carbons of other types. Consequently. the ЗС NMR spectrum of this 
compound should consist of three resonances. 

Because the chair interconversion is rapid. the relationships of the carbons in these compounds can be 
decided from the planar projections shown. The compound shown in this part should have six "C NMR 
absorptions because there are six chemically nonequivalent sets of carbons (unless there are accidental 
overlaps between some atsorptions). In the structure of this compound shown below, carbons with the 
same number are enantiotopic. and therefore chemically equivalent. (Notice the plane of symmetry.) The 
following pairs of carbons are diastereotopic. and therefore chemically nonequivalent: 3 and 4: 5 and 6: | 
and 2. АП other pairs are constitutionally nonequivalent. 
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(a) Тһе NMR spectrum of the first compound, (CH4);CH—CI (isopropyl chloride). should consist of the 
doublet-septet pattern characteristic of isopropyl groups. with the doublet at about 6 1.2 and the septet at 
about 6 3.7. The NMR spectrum of the deuterium-substituted analog. (CH;),CD—CI, should consist of a 
singlet at essentially the same chemical shift as the doublet in the first compound. (The splitting between 
H and D nuclei on adjacent carbons is nearly zero.) 

(b) Тһе NMR spectrum of the compound containing deuterium should consist of two triplets of equal 
intensity. (The coupling constant between Н and D nuclei on adjacent carbons is nearly zero.) The NMR 
spectrum of the other compound, as shown in Fig. 13.7 on text p. 631, consists of a triplet at low field 
and a quintet at higher field: the triplet should have twice the integrated intensity of the quintet. Each set 
of resonances in one spectrum should have the same chemical shift as the corresponding set of 
resonances in the other. 

(c) — To decide on the spectra for the two diastereomers, first analyze the third compound. The analysis is 
shown on the bottom of Fig. SG13.4. The resonance of the methyl group will be a three-proton singlet. 
The two methylene hydrogens are diastereotopic and are therefore chemically nonequivalent. Hence, 
they should have different (if only slightly different) chemical shifts, and each will split the other into a 
doublet. Thus, the resonances for these two protons should consist of a closely spaced doublet of 
doublets. 

The diastereomers should have different NMR spectra. Their analysis is shown as the top Iwo 
compounds in Fig. SG13.4. To begin with, neglect the splitting by deuterium. (Deuterium splitting. 
which is considered in Problem 13.50(c). can be eliminated by an instrumental technique.) Each 
spectrum should consist of а thrve-proton singlet for the methyl group and а one-proton singlet for the 
methylene hydrogen. Although the methyl singlets will likely have identical chemical shifts in the two 


US pop 
Cl e (КК) 


A CH; 
Cl $ (15,25) 


рго-5 рго-А 
H? н 
\ cH, 


H’and H° ci D 


Figure $G13.4. Schematic spectra to illustrate the differences expected in the NMR spectra of the three 
compounds in Problem 13.44(c). In these spectra, the pro-S hydrogen Is arbitrarily assigned the greater 
chemical shift, but the chemical shifts of the two diastereotopic hydrogens might be reversed Splitting by 
deuterium is neglected 
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compounds, the chemical shifts of the other hydrogens will differ by essentially the same amount as the 
chemical shifts of the two methylene hydrogens in the third compound. The resonance of the methylene 
hydrogen in the 15.2R diastereomer will have the same chemical shift as the resonance of the pro-S 
hydrogen in the third compound; and the resonance of the methylene hydrogen in the 1R,2R 
diastereomer will have the same chemical shift as the resonance of the pro-A hydrogen in the third 
compound. In each compound, both hydrogens will be singlets. neglecting any splitting by deuterium. 
The order of the chemical shifts of the diastereotopic hydrogens is arbitrary: the order could be reversed. 


Compound А is 2.3-dimethyl-2-butene. (CH); C—C(CH3);. [See Problem 13.39(b).] 

The IR spectrum of compound B indicates a H1C—C group. The NMR spectrum shows a typ:cal 
isopropyl pattern: a septet/doublet pattern (ô 2.2, б 1.0. respectively): from its chemical shift, the isopropyl CH 
group is allylic. The isopropyl group must be attached to a carbon that bears no protons, since the CH of the 
isopropyl group is split only by the adjacent methyls. The presence of two vinylic hydrogens (6 4.6-4.7) with 
very weak splitting is in agreement with the geminal vinylic hydrogens suggested by the IR spectrum. and the 
three equivalent hydrogens remaining probably correspond to a methyl group. Compound B is 


(CH3),CH —C-— CH, 
CH, 


2.3-dimethvl-1-butene 
(compound В) 


Compound C shows a nine-proton singlet characteristic of a tert-butyl group. The remaining three protons 
are vinylic. The IR spectrum shows C=C stretching and C—H bending absorptions that confirm the presence 
of a —CH—CH; group. Although it is not necessary to interpret the splitting to define the structure. itis very 
similar to that in Figs. 13.16-13.17 on text pp. 648—649. Compound С is therefore (CHi)4,C—CH—CH;. 3,3- 
dimethyl- 1 -butene. 

That compound D is not an alkene follows from both the chemical data and the NMR absorption. A six- 
carbon hydrocarbon that is a singlet in the NMR. that has one degree of unsaturation, and that is not an alkene 
can be only cyclohexane. [You may have seen this one before: Problem 13.39(a).] 


К 


cyclohexane 
(compound D) 


The structures of compound A and D would be difficult ta distinguish on the basis of their 
ч» proton NMR spectra alone. However, "C NMR would readily distinguish them. Can you sce 
why? 


The spectrum shows at least four nonequivalent sets of protons in the ratio 1:1:4:6. Let's see how the possible 
structures stack up against this analysis. 


CHCH, CHCH; CH,CH;O CH;CH; H CH;CH; 
N / N / 3 / 
с=с C=C С=С 
(А \ / N / N 
H H H H H CH,CH; 
cis-3-hexene (4) (Z)-1-ethoxy- 1-butene (3) 2-ethyl-1-butene (C) 
Ch CH — CH(OCH;CH3); CI—GH —CH =C] 
l.1-dichlaro-2.2-diethoxyethane (D) CH4CH;O ETT 


1,2-dichloro-1,2-dicthoxyethane (А) 
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Compounds A-C are ruled out immediately. The vinylic hydrogens in A would be a single triplet. In compound 
B. there would be two теу! triplets and a more complex splitting for the two vinylic hydrogens. In compound 
C, the vinylic hydrogens would be a singlet (neglecting allylic splitting). The two methine hydrogens of D 
would definitely give a pair of doublets at fairly high chemical shift. as ohserved. The two methine hydrogens 
of E are completely equivalent and would give a singlet as the absorption at greatest chemical shift. Therefore, 
compound Ё is ruled out, and compound D is the remaining possibility. 

As to the complexity of the 6 3.7 resonance, the two CH, hydrogens in either ethyl group on both D and Ё 
аге diastereotopic, and hence, chemically nonequivalent. For example. in the case of D. 


H? H? н CHO, н н 
\/ 7 


Н“ and Н? are diastereotopic; H' and Н“ are also diastereotopic. On the other hand. Н“ is enantiotopic to Н", and 
H” is enantiotopic to H^. (You should verify these statements by a substitution test.) Therefore. H^ and H' are 
chemically equivalent, as are H^ and Н“. But Н“ and H” are chemically nonequivalent, as are H* and Н“. Hence. 
there are five nonequivalent sets of hydrogens. It is perhaps not surprising that the chemical shifts of the 
diastereotopic protons are not very different. because their chemical environments are very similar. 

Let's now consider the splitting patterns of these diastereotopic protons. We've already said that Н“ and H” 
occur at slightly different chemical shifts. This would account for two absorptions. Each of these is split into a 
doublet by the other to give four lines. Each of these is split into a quartet by the neighboring methyl group. 
This gives 4 x 4 = 16 lines. Because H' is chemically equivalent to Н“, and Н“ is chemically equivalent to Н”, 
the analysis is complete. You can actually see all sixteen lines for these diastereotopic hydrogens in the 
spectrum. 


(a) _ Protons a and 6 are diastereotopic protons and thus give different chemical shifts as discussed in Sec. 
13.3D. You can verify for yourself that they are diastereotopic by performing the substitution test (Sec. 
10.9A) and comparing the virtual products. 

(b)  Protona is split both by proton Р and the proton on the adjacent carbon. Because the two coupling 
constants are different, the л + 1 rule fails here. Instead of a triplet, a doublet of doublets is observed 
instead (see solution to problem 13.19(b) in this manual for a similar situation). 


(a) Protons a and b are diastereotopic and thus give different chemical shifts as discussed in Sec. 13.3D. You 
can verify for yourself that they are diastercotopic by performing the substitution test (Sec. 10.9A) and 
comparing the virtual products. They are each split into a doublet by proton c. 

(b) The signal for proton c is split three times by 7.0 Hz into a quartet by protons а. and that quartet is split 
three more times, again by 7.0 Hz. into a septet by protons 5. 


resonance position of H” 


apply splitting by 


apply splitting by 4 Ц 
| | | | H^ three times 


H” three times | | 


Finally, each peak in that septet is split into a doublet by 4.3 Hz by proton d. 
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apply splitting by 
Н“ one time 


appearance of Н“ resonance: 
a septet of doublets 


The signal for proton c appears cn a spectrum as a "septet of doublets”. though one would most likely just refer 
to it as à “multiplet”. 


Compounds A and & have four sets of nonequivalent carbons and compound C has three. Because the given 
spectrum indicates four nonequivalent sets of carbons we can rule out compound C. We now have to decide 
between compounds A and B. An important difference in these structures is that only A contains a carbon 
connected to two oxygens. From the chemical-shift chart (Fig. 13.22 on text p. 658), we see that a typical 
carbon in the environment —C—O— has a chemical shift between 6 40 and 6 80. The maximum chemical shift 
in the specirum. however, is nearly ó 100, and this would be consistent with a compound in which a carbon is 
bound to two oxygens. Hence, the compound is A. To further rule out B. note that the spectrum contairs no 
methyl (3-proton) carbon in the ether region. 


(a) The nitrogen can take on three values of spin with equal probability: +1. 0, and - 1. Hence. the protons 
near a nitrogen of each spin state are shifted accordingly (or not shifted, in the case of spin = 0.) The 
proton NMR spectrum of “NH, should (and does) consist of three lines of equal intensity. 

(b) ТЬе reason the C NMR spectrum of CDCI, is a 1:1:1 triplet is the same reason that the proton NMR 
spectrum of *NH, is a 1:1:1 triplet [see part (a)]: deuterium, like nitrogen. can have spins of +1. 0. and 
—]. and deuterium splits "С resonances just as it splits proton signals. 

(c) Тһе compound with one deuterium, H;CDI. would show a triplet proton resonance with lines that have a 
1:1:1 intensity ratio, because the deuterium can have three different values of spin (+1. 0. and -1). 
Because these arc equally probable. they give тїзє to lines in the proton splitting pattem of equa: 
intensity. The compound D;CI has no proton NMR spectrum. For HCD,I. the two deuteriums have the 
following combinations of spin values: 


Total spin = +2: +1, +1 (one way) 

Total spin = +1: 0, +1 and +1,0 (two ways) 

Total spin= 0: 0.0: +1. -1: and - 1. +1 (three ways) 
Total spin z-1: 0.-1and-1.0 (two ways) 

Total spin = —2: -1.-1 (one way) 


Each value of the total deuterium spin makes a different contribution to the position of the proton 
resonance: thus. there are five lines, with relative intensities proportional to relative probabilities of 
deuterium spin (that is, to the number of different ways that each spin can be achieved): 1:2:3:2:1. 

Mass spectrometry could be used to easily determine the identity of each sample. as the samples 
each differ in molecular mass. IR could also be used: only ОСІ will show a C—D stretching absorption 
and no C—H stretching absorption in the IR spectrum. 


The IR spectrum and the О.О shake results indicate that compound А is an alcohol. and the absence of a 
resonance in the 8 3—4 region indicates that the alcohol is tertiary. Treatment of compound A with H SO; yields 
a compound В. which. trom its 65.1 resonance in its NMR spectrum. is evidently an alkene. Evidently. the 
reaction with H5SO, is a dehydration. ÍF so, the molecular mass of 84 for compound В means that compound A 
has the molecular mass of compound B plus 18 (the molecular mass of НО). Hence, the molecular mass of A is 
84 + 18 = 102. 

Now let's turn to the integral for compound A. The integrals (from high to low shift) are in the approximate 
ratio 1:4:6:3. Let's adopt the hypothesis that the O—H proton accounts for 177. If so, then compound A contains 


ual ttuy be Art т 3M àut pam «or c' the o tinke- y rise om nil i mar asl рё vil paoir o ж у { ф/ 


394 


CHAPTER 13 • NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 


13.52 


14 hydrogens, and its formula is С.Н, О. which gives the molecular mass of 102 hypothesized above. Why 
couldn't the alcohol have a formula C;H О? Because this would give the wrong molecular mass. 

In the NMR of compound A. the singlet at 6 1.2 integrates for 6H. This can only be two methyl groups. The 
triplet just below 6 1.0 integrates for 3H. and, from its splitting, corresponds to a CH4CH;— group. However. 
the methylene protons in this group must be split bv other protons because they are not a simple quartet. The 
following structure would account for the complex splitting at 6 1.4, as well as the other facts: 


complex pattern 


at à 1.3- 1.5 он сн, 
CH,CH,CH,CCH, 599 CHCHICH— C + њо 
| 
CH, сн, 


2-methy1-2-pentenc 


2-methyl-2-pentanol {compound В) 


(compound 4) 


The dehydration would then give compound 8 shown above. In the NMR of this compound we expect a single 
vinylic proton split into a triplet. and this is what is observed at 65.1. (Some additional. very small, allylic 
splitting is also observed.) The NMR spectrum of compound B is rationalized as follows: 
ô 5.1 (triplet with allylic splitting) 
6 1.2 (triplet) s, | CH, 


ies / diastereotopi ; 

P.» pic methyls; 

CHCH;CH— C two singlets at 5 1.6-1.7 
! CH; 


8 2.0 (quintet) 


(a) The IR absorbance at 3200-3600 cm” suggests an -OH group is present, and there is a strong absorbance 
at 1090 cm! which suggests C-O single bonds, present either in alcohols or ethers. The NMR shows a 
resonance that disappears with a D;O shake, confirming that an -OH group is present. Additionally from 
this spectrum, a six-hydrogen singlet suggests two methyl groups attached to a carbon that does not 
possess any protons. The other three-hydrogen singlet suggests another isolated methyl group. perhaps as 
part of an ether. With three of the six carbons and nine of the 14 hydrogens accounted for as belonging to 
methyl groups. you could start trying various structures to see what fits the rest of the data. The 
compound below fits the spectral data given: 


6 3.8 (quartet that becomes a triplet after D:O shake) 


63.1 (singlet). je 
N (7812 (singlet) 
CH,OCH,CH,C— OH ешке 
bet ~6 3.4 (triplet that 
disappears аййет D:O shake) 
5 3.4 (triplet) 


The quartet at 6 3.8 is split by both the -OH proton and the adjacent CH; protons. After the О-О shake. 
the -OH becomes an -OD and the signal at 6 3.8 is the only split by the CH» protons, into a triplet. 


(b) First. by calculating the unsaturation number (Sec. 4.3), it can be determined that the compound has 
either a double bond or a ring. The sharp absorbance on the IR spectrum at 1658 cm ! suggests a carbon- 
carbon double bond (as to the absorbances at 3085 and 875 cm ', which correspond to protons attached to 
carbons of carbon-carbon double bonds). Both the broad stretch in the IR at 3200-3600 cm ' and the 
signal in the NMR spectrum that disappears with a D;O shake confirm an -OH group. Further inspection 
of the NMR spectrum shows a ЗН singlet that tells us there is an isolated CH; group. The signals at ó 4.8 
and 4.9 correspond to protons attached to a carbon that is part of a double bond. At this point, we have 
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enough information to stat trying various structures to see what fits the rest of the data. The only alkene 
alcohol that fits the data is: 


H єн = 6 1.8 (singlet) 
6 4.8. 4.9 (singlets) bom 
H^ 3 CH;CH;OH ——— 6 2.1 (iriplet that disappears 
v. after D-O shake) 


5583.7 (inplet) 
6 2.3 (triplet) 


Here is a related structure, that is close. but doesn't quite fit the data. Why not? 


HC. (н 
с=с 
H/ “ењсн,он 


The formula. the IR spectrum, and the D;O shake indicate that compound A is а five-carbon alcohol with one 
degree of unsaturation. This could be a ring or a double bond, but the NMR spectrum clearly indicates two 
vinylic protons near ô 5.5. a fact that suggests a double bond as the source of unsaturation. Moreover. the IR 
shows weak С=С stretch and a strong absorption at 965 cm '. which indicates a trams-alkene. The "С NMR 
resonances at 6 125.5 and 6 135.5, each with one attached hydrogen. support the diagnosis of an internal alkenc. 
The alcohol is secondary because there is one proton in the a-oxygen region (6 4.2) and one attached hydrogen 
for the corresponding carbon at 6 68.8: the latter proton is shifted a little more than normal for this type of 
proton: hence. this proton is also allylic. Furthermore. this c-proton is adjacent to four other protons. Two 
methyl groups are adjacent to single hydrogens. One of these methyls is allylic (5 1.7) and the other is not 

(6 1.2). To summarize, we have the following structural elements, which can only be assembled to give rrans-3- 
buten-2-ol as the structure. The chirality of the proposed structure is consistent with the fact that compound A 
can be resolved into enantiomers. 


[là 
но—4н rc 
= HO—CH H 
\н H CH; 
on | frans-3-buten-2-ol 
CH;CH—CH— ' 


The mass spectrum indicates that the compound contains a single bromine (double molecular ion). The NMR 
spectrum indicates an ethoxy greup (CH,CH,O—); this comes from the typical triplet-quartet pattern іп which 
the —CH;— group is at a typical a-oxygen chemical shift and shows splitting with only the СН. The spectrum 
indicates two vinylic hydrogens that split each other with a very small splitting. which. however, is larger than a 
geminal splitting. The IR spectrum shows no evidence for a trans alkene, nor does it show the characteristic 
absorption for a =CH; group. Hence. the vinylic hydrogens are cis. (The IR absorption at 694 стг! could be 
the C—H bending absorption for a cis alkene, but it might also be due to the C— Br stretch.) The ethoxy group 
counts for 29 mass units: the "Br for 79 mass units; two vinylic CH groups would complete the mass of 150. 
The structure can be only 


CH4CH;O Br 
X / 
C=C 
4 
H H 


(Z)-1-bromo-2-cthoxyethene 
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The sample of 2.5-hexanediol is a mixture of diastereomers. the racemate and the meso compound. Each of 
these stereoisomers has а ІС NMR spectrum that consists of three resonances, but the two spectra are different. 
if only slightly so. 


jh OH T OH 
› H 
H OH HO 
(+)-2.&hexanedial meso-2,5-hexanediol 


(the 22.52 enantiomer is shown) 


(a) As always, we first draw the structure: 


OH CH, 
cud 
T 7 
N EIE N 
С Es 
fo 


4-methyl- 1-penten-3-ol 


The proton NMR spectrum of 4-methyl- 1 -penten-3-ol should contain eight sets of absorptions because 
the compound contains eight chemically nonequivalent sets of protons (numbered 1-8 in the preceding 
structure). Notice that protons 1 and 2 are diastereotopic and therefore chemically nonequivalent, as are 
protons 6 and 8. 

(b) Because all carbons are chemically nonequivalent. 4-methyl-1-penten-3-ol should have six carbon 
resonances in its C NMR spectrum. (Notice that the carbons of methyl groups 6 and 8 in the structure 
shown in part (а), like the protons of these groups. are diastereotopic.) 


(а) Тһе NMR spectrum of a very dry sample would show splitting between protons 1 and 2. Hence. the 
resonance of proton | should be a triplet; the resonance of protons 2 should be either a quartet (if Jj; = 
Jax) or a doublet of triplets (if 7,5 4 J23), where the J's are coupling constants. In a wet sample. the 
splitting associated with proton 1 is obliterated. In that case. the resonance of proton | should be a 
singlet: the resonance of protons 2. which is split only by protons 3, should be a triplet. The resonance of 
protons 3 should һе a triplet in both the wet and the dry sample. 


3 2 [ 
CI— CH;— CH;— OH 
2-chlorocthanol 


(b) Following a D:O shake. the resonance of proton | should disappear: and the resonance of protons 2 
should be the same as it is in the wet sample—that is, a triplet. 


The relevant protons are coded in the discussion as follows: 
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14 
CH, || 


, С” j 
H,C— с“ CH; 
" “сңеңеңн 
Сн, 


vitamin D, jô 
The two doublets centered at 8 6.2 are assigned to the diene protons | and 2. These protons are split by each 
other. but not significantly by any other protons. (Coupling constants depend on dihedral angle. and the large 
splitting evidently suggests an anti relationship about the single bond.) The two resonances centered at 6 4.9 are 
assigned to the geminal alkene protons 3 and 4. These two protons are diastercotopic, and arc therefore 
chemically nonequivalent. Thcir splitting. although not expanded. is evidently the small splitting typical of 
geminal alkene protons (Table 13.3, text, p. 647). The multiplet just below 8 4 is assigned to the a-alcohol 
methane proton 6. We are given no information about a D.O shake, so the proton 5 is not identified: it is 
probably within the complex pattern hetween 6 | and 5 3. Using the alkene protons as the basis for integration. 
it appears that, within the inset ол the right, the doublet integrating for 2502 corresponds to three protons and 
probably to a methyl group. The only CH ,—CH group are the methyl protons 8. [n the inset, the doublet of 
doublets integrating for 5353 corresponds to six protons. The two diastereotopic methyl groups 9 and 10 are 
each split hy the adjacent methine hydrogen and have slightly different chemical shifts. The resonance at 6 0.5 
is due to an unsplit methyl group and must correspond to protons 7. 


The unsaturation number = |. There are no alkene absorptions in the IR; therefore, we postulate the presence of 
a ring. The presence of an alcohol is indicated hy the IR data, and the triplet at 6 3.5 must be an OH proton 
because it is lost as the result of a D-O shake. Furthermore, it must he part of a —CH;OH group because of its 
triplet splitting. The protons at 63.7 must be the a- protons. because their splitting collapses after a D-0 shake; 
furthermore, these protons are attached to a quaternary carbon, because they are not split further. This 
quaternary carbon must also hear a methyl group. because the 3H resonance at б 1.3 is unsplit. We therefore 
have the following partial structure: 


^ 
—C—CH,—OH 
| 


We are missing two carbons and an oxygen; recall that there must be a ring. The two doublets between 4 4.4 
and 64.6 must be two CH» groups, and the remaining oxygen must complete a four- membered ring. Consider 
the following two structures: 


CH; CH; 
H;C—C—CH;— OH fps oe онан 
оњ TE" 
E B 


In structure В. the two CH» groups would be at least triplets. not doublets (and their splitting would likely be 
more complex. because the two protons on each carbon are diastereotopic). Furthermore, the chemical shifts of 
both CH, sets indicate that they are both a to an oxygen: in structure B. only one CH» meets this criter:on. 
Therefore, structure B is ruled out, leaving structure A as the only reasonable candidate. 

The splitting of the CH; protons in A is rationalized as follows. 
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644 № ен, 
84.6 Н——С—С—ОСн;—Он 
ке 644 
H* 54.6 


The two Н“ protons are enantiotopic and therefore chemically equivalent; the same is true for the two H^ 
protons. Protons Н“ and Н” split each other, and each is split into a doublet by its neighbor. Presumably Н“ is 
the proton at greatest chemical shift because of its proximity to the OH group. 


Both stereoisomers are based on a trans-decalin-like structure. You could determine which of the stereoisomers 
is which by inspecting the indicated protons. In compound A, the protons are anti to one another. and therefore 
would have a coupling constant between 8-15 Hz (see Sec. 13.5A and Fig. 13.9 on text p. 636). In compound B. 
they are gauche to one other and would have a coupling constant between 2-5 Hz. 


CH; CH; 
o un" % 
A B 


Note that due to the nearby sp -hybridized carbon (the one that's double bonded to the oxygen). the two protons 
that we' ve focused on may not be exactly in gauche or anti orientations relative to each other. However, our 
analysis holds: we can inspect these two signals and expect a larger coupling constant between the protons in 
compound А because the angle between them is greater. 


The "О NMR resonance of !’O-water is split into a triplet by the attached two protons when a small amount of 
water is dissolved іп ССІ, The splitting pattern suggests that. in the presence of acid, the !?О resonance is split 
by three protons. Evidently, this splitting is due to the hydronium ion, H3O*. 


Shielding decreases chemical shift. Because a "naked" proton is completely unshielded by electrons, its 
chemical shift should be very large, and it should feel the full effect of the applied field. Because the range of 
proton chemical shifts within organic compounds extends to about 11-12 ppm (Fig. 13.4 on text p. 621), we 
expect the chemical shift of a "naked" proton to be even greater than this. Hence, the first answer, 6 > 8. is the 
correct one. 


Note that the '°C resonances from unenriched compounds will be much weaker than those from the isotopically 
enriched compounds and can be ignored. The proton-decoupled HC NMR spectrum will be a composite 
spectrum that consists of the spectra of the individual species present. These species, and their relative 
abundances. will be as follows: (*C = Ne): 


*CH;—*CH.;—Br relative probability = (0.5)(0.5) = 0.25: two doublets 
CH,—*CH,—Br relative probability = (0.5)(0.5) = 0.25; one singlet 
*CH;—CH,—Br relative probability = (0.5)(0.5) = 0.25; one singlet 
CH,—CH.—Br relative probability = (0.5)(0.5) = 0.25; no "C spectrum 


Each resonance will show an apparent “triplet” pattern: the line from the singly-enriched species will be in the 
center of a doublet for the doubly-enriched species. The singly-enriched species are singlets because there is so 
little ^C resulting from the natural abundance of 5C at each carbon that it can be ignored. Each line of the 
doublet will have half the total intensity of the doublet, and therefore half the intensity of the singlet. A diagram 
of the spectrum is as follows: 
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(а) 


(b) 


(b) 


(a) 


singly-enriched 
p 


IF i 


The resonance of the unpaired electron is split into four lines by the three neighboring protons according 
to the same п + I rule that applies to splitting between nuclei. 


Use Eq. 13.17 on text p. 656 with 7, = Yeleciron = 17.6 x 10° radians gauss 
We obtain 


7! sec^!, and Bg = 3400 gauss. 


_ Y electron В; = 17.6 х10° rad gauss ' sec ' 


Родоп 7 2 d (3400 gauss) = 9.5x 10? хест! = 10? Hz 
т T 


Fig. 12.2 on text p. 572 shows that a frequency of 10!” Hz is in the microwave region of the 
electromagnetic spectrum Indeed. ESR instruments employ microwave radiation to detect the magnetic 
resonance of electrons. 


A125 °C the conformations equilibrate too rapidly to be separately observed in the NMR spectrum: а 
single resonance is observed that is the "time-average" resonance of all conformations. At low 
temperature. however. the rates of the internal rotations are considerably reduced. and certain 
conformations can be separately observed: 


CH; Cl ? 


Cl CI Cl Cl Cl Cl 


| 
| 


С! Cl Cl CH; H3C Cl 
CH; CH; CH; 


enantiomeric conformations have 
identical NMR spectra 


The first of these conformations is the conformational diastereamer of the other two and hence has a 
different NMR spectrum. The other two conformations are enantiomeric and therefore have identical 
NMR spectra. Consequently, two resonances are observed: one for the first conformation. and the second 
for the other two. 


The two lines at low temperature have different intensities because the diastereomers are present in 
different amounts. The intensity of each resonance is proportional to the amount of the conformation of 
which it is characteristic. A priori, if the conformations are equally probable, the resonance of the 
conformations with the gauche methyl groups should be twice as strong as that of the conformation with 
anti methyls. The actual intensities will likely differ from this 2:1 ratio in accordance with the relative 
stabilities of the conformations. 


From Fig. 13.9. text p. 636, you know anti protons have large coupling constants and gauche protons 
have smaller coupling constants. When Н” is in the axial position (conformation E), it is split by adjacent 
protons that are anti and gauche. These protons would split H" by different coupling constants. When H^ 
is in the equatorial position (conformation A). it is split by adjacent protons that are both gauche. These 
protons would split H" by coupling constants that are about equal. Inspection of Fig. FP13.66 shows a 
resonance that is split into a triplet of triplets, or, a splitting pattern that would result from splitting by 
protons with different coupling constants, one large and one small. (This situation is similar to the one 
described by Fig. 13.10, text p. 638.) So. the resonance shown in FP13.66 belongs to proton Н“ in the 
axial position, or conformation £. 
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(b) Тһе other resonance, not shown, would come from Н“ in the equatorial position (conformation A), and 
the adjacent splitting protons are both gauche. As described in part (a), the coupling constants coming 
from both would be small. and probably about equal. Thus, you might predict a quintet for this 
resonance, with small coupling constants between 3—4 Hz. 


(c) Опе conformation is present in 3.39 times greater concentration than the other. The equilibrium constant, 
Ke is the ratio of the two conformations, 3.39:1, or 3.39. Using this value, the temperature, Т, of 193 К 
(remember to convert Celsius to Kelvin), and the gas constant of 1.987 x 10° kcal • mol"! * K’!, we can 
solve for AG. 


AG - - RT In K 
oy 


= -(1.987 x IO? kcal mol! K)093 K ')1n3.39 
= 0.468 kcal mol! 


The sign of AG is inconsequential; the difference in energy between the two conformations is what is 
significant. You know from previous discussions of the conformations of monosubstituted cyclohexanes 
(Sec. 7.3. on p. 282) that the larger substituent prefers to be in the equatorial position to minimize 1.3- 
diaxial interactions. So. the smaller resonance (not shown. relative integral = 1) corresponds to Н“ in the 
axial position, and thus the iodine in the equatorial position, conformation Е. So, conformation E is 
present at a 3.39 times greater conformation that A. 


Number the carbons and view the Newman projection about the C1-C2 bond. with carbon-2 nearer the 
observer: 


CH,— CH,— CH,—Br 


| 
\ 


1 3 
H H H CH; нс H 
Br Br Br 


enantiomeric conformations have 
identical C NMR spectra 


Assuming the spectrum is proton-decoupled. we would expect to see three resonances—one for each of the 
carbons—at room temperature. On cooling the sample. we would see two sets of three resonances. One set is 
duc to the two enantiomeric conformations, and the other set is due to the remaining conformation. The largest 
chemical-shift change should be in the resonance for carbon-3. because its proximity to the bromine changes 
between the conformations. Smaller changes would be anticipated for carbons 1 and 2. 


The Chemistry of Alkynes 


STUDY GUIDE LINKS 


14.1 Functional Group Preparations 


Section 14.5 in the text discusses two ways to prepare aldehydes and ketones. At this point, you 
should be asking yourself, “What other ways do | know to make aldehydes and ketones?” Recall. 
for example. that oxidation of alcohols is an important method for preparation of aldehydes and 
ketones. Keep a separate review list that groups reactions by the type of product formed. Thus, 
you'll have a list of reactions for preparing aldehydes and ketones, a list for preparing alcahols, 
etc. You should write out each reaction in detail, noting the limitations on each. For example, 
what are the limitations of alkyne hydration as a method of ketone preparation? (Can апу ketone 
be prepared with this method? Look at Problems 14.9—14.10 on text p. 693.) You can check how 
complete your list is by comparing it to the abbreviated list in Appendix V (p. А-11) of the text. 

Use your list when working problems in synthesis. When your synthesis requires an aldehyde 
or ketone, consult your list; review the reactions if they start to look unfamiliar. Remember that 
putting together such lists keeps your studying active rather than passive. 


14.2 Ammonia, Solvated Electrons, and Amide lon 


Sections 14.6 and 14.7 of the text have discussed several different uses of ammonia. The purpose 
of this Study Guide Link is to review and contrast these so that there is no confusion. 

The first reagent is liquid ammonia. Ammonia can be condensed at —33 °C to a liquid. Once 
condensed. ammonia is easy to maintain in the liquid state because of its relatively high heat 
capacity. Liquid ammonia should not be confused with aqueous ammonia, which is a solution of 
ammonia in water. ("Household ammonia" is an aqueous ammonia solution.) If an alkali metal 
(such as sodium) is dissolved in liquid ammonia, a blue solution is obtained that is an excellent 
source of electrons—that is, an excellent reducing agent. This solution contains "solvated 
electrons"—electrons solvated by the hydrogens of the ammonia. The solution of solvated 
electrons is used in the reduction of alkynes to trans-alkenes (Sec. 14.6B). Sodium in liquid 
ammonia can be used to reduce other types of organic compounds as well, although these methods 
are not discussed explicitly in the text. Such reactions are called "dissolving metal reductions." 

If a trace of Fe** ion is added to a solution of sodium in liquid ammonia. a reaction occurs 
between the sodium and the ammonia: 
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2Na- + 2NH; => 2Na* NH, + Н, 


sodium amide 
(sodamide) 


Just as sodium reacts with water to give hydrogen gas and sodium hydroxide. sodium also reacts 
with ammonia to give hydrogen gas and sodium amide. The difference is that the reaction of 
sodium with water requires no catalyst, but the reaction with ammonia does. lt is this solution— 
sodium amide in liquid ammonia—that is used in forming acetylenic anions from alkynes. Solid 
sodium amide can be purchased as a gray powder. Solutions of sodium amide can also be formed 
by adding this material to liquid ammonia or other solvents. 

One other point: Do not confuse the basicity of amide ion with that of ammonia. Amide ion is 
the conjugate base of ammonia, which has a pK, of about 35. Ammonia is also a base, but is the 
conjugate base of the ammonium ion, *NH,. which has a pK, of 9.2. Most people normally think 
of ammonia as a base, but in the present context, ammonia is an acid. and the amide ion is its con- 
jugate base. (See the discussion of amphoteric substances in Sec. 3.4B on text p. 99, and Problem 
3.9(a) on the same page.) 


Ulli REACTION REVIEW 


|. ADDITION REACTIONS OF ALKYNES 


A. ADDITION OF HYDROGEN HALIDES AND HALOGENS 


Additions of halogens or hydrogen halides to the triple bond are somewhat slower in most cases than the 
same reactions of comparably substituted alkenes. 


a. The first addition to an alkyne gives a substituted alkene. 

b. The second addition of a hydrogen halide or a halogen to an alkyne is usually slower than the first 
because a halo alkene is less reactive than an alkyne. 

c. It is possible to isolate the substituted alkene resulting from addition of only one equivalent of halogen 
or hydrogen halide. 


Br Br Br 
Br; / Br; | | 
—c=c-  — С=с — — С—С — 
| |] 
Br Br Br 


HBr can be added to the triple bond in a regioselective addition that is analogous to the addition of HBr to 
alkenes. 


a. The bromine adds to the carbon of the triple bond that bears the alkyl substituent group. 
b. The regioselectivity is reversed in the presence of peroxides because free-radical intermediates are 
involved. 
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Br ;H n H 
R—CmC—H —“ > с=с i R—Ó6—C—H 
а “н AN 
H Br | T 
HBr / HBr 
Ва mes peroxides — x peroxides - "er wp 
R H H Br 


B. HYDRATION OF ALKYNES 
1. The addition of water to the triple bond of an alkyne is catalyzed hy strong acid or. more commonly, hy a 
combination of dilute acid and mercuric ion, Hg^*. 


о 
| 

SO.. нд50, 
esp НО ЕЕЕ — ®4 


an alkvne a ketone 


a. The addition of water to a triple bond is called hydration. 


b. Enols (alcohols containing an —OH group on a carbon of a double bond) are formed as intermediates in 
the hydration of alkynes. 


і. Most enals are unstable and are rapidly converted into the corresponding ketones or aldehydes. 
ii. Mast aldehydes and ketones are in equilibrium with small amounts of the corresponding enols. 


ті. Because most enols are unstable, any synthesis designed to give an enol gives instead the 
corresponding aldehyde or ketone. 


OH H © 
/ | / 
c=C —C—C 
N Г. А 
an enol an aldehyde 


or ketone 


2. The mechanism of alkyne hydration is very similar to that of oxymercuration of alkenes. 


a. In the first part the mechanism, a mercuric ion and an —Oll group from the solvent water add to the 
triple bond. 
i. The —OH group of water adds to the carbon of the triple bond that bears the alkyl substituent. 
ii. The bond between the mercury and this carbon in the cyclic ion intermediate is weaker and thus 
more readily broken. 
Acl) — Hg “Bac Ad). , “HAc 
TS CA R :*HgOAc R :HgOAc 
à "he \ / \ / " 
R—CEmC—-H —— с=с — с=с ==» с=с + HQAc 
но R^ y “и "4 \ 
H HgO H HQ: H 
H*— — :QAc 
b. The second part of the mechanism involves protonolysis, which occurs under the conditions of 
hydration. 
Мо part of rh sers һе apicaded мба это num di7epual- er 
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і This protonation of the double bond occurs at the carbon bearing the mercury because the resulting 
carbocation is resonance stabilized. 


ii. Dissociation of mercury from this carbocation liberates the catalyst Hg?* along with the enol. 


“HAc ÜA 
R :HgOAc в —CHgOA в —HgOAc R H 
"A E sg Vf | x, si 
СС, —> | Сн ~C—C—H |—-9 C=C + Hga 
fy /S | SY | ERA i 
HQ: [n H H&M y HQ+ н HQ: H 
H+ OAc 


c. Conversion of the enol into the ketone is a rapid, acid-catalyzed process. 
i Protonation of the double bond by aqucous acid gives another resonance-stabilized carbocation, 
which is also the conjugate acid of a ketone. 
ii. In a Bronsted acid-base reaction, a B-proton is removed from the carbocation by a solvent water 
molecule to give the ketone product. 


н ён, 
` 4 буЛ + & 
HO H «&) H "o н e Ó н еј 
N / N | \ + 
с=с —— С—С —Н <> С—С Н | — C—CH, + Hj: 
7 N / / | 
R H R H R H R 


3. The hydration of alkynes is a uscful way to prepare ketones provided that the starting material is а 1-alkyne 
or a symmetrical alkyne: most other alkynes give difficult-to-separate mixtures of isomers. 


C. HYDROBORATION- OXIDATION OF ALKYNES 


1. The hydroboration of alkynes is analogous to the same reaction of alkenes. 
2. When alkynes react with diborane (B;H,). the elements of RH; are added to the triple hond 
a. Oxidation of the organoborane with alkaline hydrogen peroxide yields the corresponding "alcohol." an 
enol. 
b. The enol reacts further to give the corresponding aldehyde or ketone. 


/ H 


/ H OH H о 
BH, R-—C НО, N / | / 
JR—CmC—R —» \ - С=С —> R—C—C 
C B OH N | N 
/ R R H R 
К } 
an enol a ketone 


3. The reaction conditions can be controlled so that only one addition takes place provided that the alkyne is 
not a l-alkyne. 
4. The hydroboration of l-alkynes can be stopped after a single addition provided that organoborane 
containing highly branched groups is used instead of BH3. 
a. One reagent developed for this purpose is called disiamylborane. 
b. Boron adds to the unbranched carbon atom of the triple bond, and hydrogen adds to the branched 
carbon. 
с. The disiamylborane molecule is so large and highly branched that only one equivalent can react with a 
] -alkyne. 
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(rw н — B4 E OH H 


О 
disiamsIborane N TA 2 HA, \ / | / 
R—C=C—H ————»- с=с ——» С=С —*» R—C—C 
/ \ OH / \ | N 
E - R н н Н 
an enol an aldehyde 


D. CATALYTIC HYDROGENATION OF ALKYNES 


2; 


3. 


Alkynes undergo catalytic hydrogenation. 
a. Addition of one molar equivalent of H; to an alkyne gives an alkene. 
b. Addition of a second molar equivalent of Н. gives an alkane. 


H H 
H,, catalyst N / Н, catalyst 
R—C=c—R ———» Jom. —— > R—CH,—CH,—R 
an alkyne R R an alkane 
a cis-alkene 


Hydrogenauon of an alkyne may be stopped at the alkene stage if the reaction mixture contains a catalyst 

poison. 

a. A catalyst poison is a compound that disrupts the action of a catalyst. Some poisons can selectively 
block the hydrogenation of alkenes without preventing the hydrogenation of alkynes to alkenes. 

b. Useful catalyst poisons are salts of Pb?* and certain nitrogen compounds such as pyridine. quinoline, or 
other amines. 

c. The Lindlar catalyst |Pd/CaCO, that has heen washed with Pb(OAc);| is a commonly used poisoned 
catalyst. 


H H 
н; 004 
R—C=C—R PdiCaCO; с=с 
an alkyne washed with Pd(OAc);] R R 
a cis-alkene 


Hydrogenation of alkynes is a stereoselective syn-addition. When carried out with a poisoned catalyst, it is 
one of the best methods for preparing cis-alkenes. 


E. REDUCTION OF AL KYNES WITH ALKALI МЕТА: 5 IN LIQUID AMMONIA 


M 


Reaction of an alkyne with a solution of an alkali metal (usually sodium) in liquid ammonia gives an 
alkene. If the alkyne is nota l-alkyne, the product is а trans-alkene. (1-Alkynes do not give alkenes; see 
Problem 14.39, text p. 674.) 


= Na metal A ya 
2 NH; + R—C=C—R Iud NH, ы X e * 2Na NH; 
an alkyne H R 


а trans-alkene 


The mechanism of this reaction involves a two-electron reduction: 
a. The deep blue solution of alkali metals dissolved in pure liquid ammonia is a source of electrons 
complexed to ammonia (solvated electrons). 
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nNH, + Na = Nat + e7(NH;), 


аша чї 


solvated electron 


b. The addition of an elecuon to the triple bond results in a species (a radical anion) that has both an 
unpaired clectron and a negative charge. 


> 
wr e — Dos m PU 
R Е - R 


a radical anion 


c. The radical anion is such a strong base that it removes a proton from ammonia to give a vinylic radical 
(a radical in which the unpaired electron is associated with one carbon of a double bond). 


"in 
H 
d i xU s 
6-0 —> б=с + HN 
/ \ 
R R R R 
a radical anion a vinylic radical 


d. The resulting vinylic radical rapidly undergoes inversion. 
i. The equilibrium between the cis and trans radicals favors the trans radical for steric reasons. 
ii. Because there is much more of the trans radical, the ultimate product of the reaction is the frans- 


alkene. 
H R H 
ee d 
c=c - с=с 
/ CX 
R R R 
a cis vinylic radical a trans vinylic radical 


€. The vinylic radical accepts an electron to form a vinylic anion. 


R H R H 
yo ch / 
С=С —» -C=C 
pe \ \ 
R R 
а tans vinylic radical a vinylic anion 


f. This anion is more basic than the solvent and removes a proton from ammonia to complete the addition. 


R H R H 
/ / ET 
-c=C — С=с * ЧН, 
\ Z N 
NL) R н R 
HN Не 
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11. OTHER REACTIONS OF ALKYNES 


A. FORMATION OF ACETYLENIC ANIONS 


1. 1-Alkynes ("terminal acetylenes") are the most acidic of the common aliphatic hydrocarbons. (The pK, of a 
1 -alkyne is about 25. whereas pK, of an alkene is about 42, and the pK, of an alkane is about 55.) 


2. The conjugate bases of 1-alkynes. called acetylenic anions, are typically formed hy the reaction of a l- 
alkyne with a strong base such as sodium amide. 


/^ a t> c tr 
R—C=C—H Na :NH, — R—C==C: Na + NH, 


sodium amide an acetylenic anion 
(sodamide) 


3. Closely related to acetylenic anions are acetylenic Grignard reagents. which are formed from more basic 
Grignard reagents by transmetallation. 


R—C=C—H + CH,CH,— МОВ: ——» R—C=C— MgBr + CH,CH, 


an acetylenic 
Grignard reagent 


B. АСЕТ ЕМС ANIONS AS NUCI FOPHII FS 


1. Acetylenic anions are strong bases; they are much stronger than hydroxide or alkoxides. 


ә 


Acetylenic anions can be used as nucleophiles in $к2 reactions to prepare other alkynes. 


a. When an alkyl halide or sulfonate is used in this reaction, it must be primary or unbranched secondary. 
AC с у РР 
R—CzCc"^"Na + ne —- R—C=C— CHCH + Na | 


b. This is another method of carbon-carbon bond formation. 
3. Acetylenic anions and acetylenic Grignard reagents can also react with ethylene oxide to form acetylenic 
alcohols. 
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14.1 


14.2 


14.3 


14.4 


14.5 
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SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


(a) Тһе sp hybridization of the carbon atoms of the triple bond requires that these two atoms and the two 
attached carbon atoms lie on a straight line. With a bond length of 1.2 À for the triple bond and bond 
lengths of 1.47 А for the attached carbon-carbon single bonds. the distance to be bridged by two 
remaining carbons of cyclohexyne is about 4.1 A. This distance is too great to be connected by two 
carbon atoms at reasonable bond angles. 

(b)  Cyclodecyne is much more stable than cyclohexyne (and in fact can be isolated). because the distance of 
4.1 À referred to in part (а) can be bridged by six carbons with reasonable bond lengths and bond angles. 


(a) (bi (c) 
(CH3),CHC 9 CH с=с HC==CCH,CH(CH;), 
isopropylacetyiene +methy+-1-pentyne 


(3-methy1-1-hutyne) 


cyclononyne 


(d) (e) (f) 
OH OCH;CH;CH;CH; 13-hexadivne 
1-ethynylcyclohexanol 2-butoxy-3-heptvne 


(a) ]-hexyne 

(b)  S-decyne (common: dibutylacetylene) 

(c) | 2-methyl-3-pentyn-2-ol 

(d)  (E)-I-methoxy-4-propyl-2-hepten-5-yne 

(e) | -penten-4-yn-3-ol. The double bond receives numerical precedence over the triple bond when 
numbering is otherwise ambiguous. 


А nine-proton singlet cries out, "tert-butyl group." The other resonance is in the position expected for an 
acetylenic proton. The 3300 cm ' absorption in the IR spectrum confirms the presence of an acetylenic C—H. 
Teri-butylacetylene (3,3-dimethyl-1-butyne, (CH ,)4C—C=CH). which has a molecular mass of 82. is 
consistent with all the data. 


(a) | Because of its symmetry, 3-hexyne should have three chemically nonequivalent sets of carbons; in 
contrast, all six carbons of 2-hexyne are chemically nonequivalent. Thus. spectrum A is that of 2-hexyne, 
and spectrum В is that of 3-hexyne. 

(b) | Use the model compound 2-heptyne on text p. 687 to assist you. 


63.3 6 79.1 6 22.9 814.6 681.0 6 12.7 
HC — CC — СН, — CH; — CH; H,C— CH;— Cm C — CH, — CH, 
6 75.4 6 21.1 613.6 612.7 681.0 614.6 


(Interchanging the 6 14.6 and 6 12.7 assignments in 3-hexyne is also a reasonable answer, although the 
assignments above arc correct.) 
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14.6 


14.7 


14.8 


14.9 


14.10 


14.11 


14.12 


The proton NMR spectrum of propyne should consist of two resonances. Evidently, the two happen to have the 
same chemical shift of ô 1.8, which is in fact a reasonable chemical shift for both acetylenic and propazgylic 
protons. 


Bromine addition to 3-hexyne cculd give two stereoisomers: 


CH4CH; Br CH,CH, CH;CH; 
Br, + CH;CH,C==CCH,CH, ——> с=с + c=c 
/ \ / \ 
3-hexyne Br CH,CH; Br Br 
(E)-3.4-dibromo-3-hexene (Z)-3.4-dibromo-3-hexene 
(fram anti-addition) (from «v-addition) 
The product is (Z)-3-chloro-3-hexene: 
CHCH; CI 
HCl + CH;CH,C=CCH,CH, ——- E ME 
3-hexyne H CH;CH; 


(Z)-3-chloro-3-hexene 
(from anti-addition) 


(a) (b) (c) 
HC==CCH,CH,CH, (CH3);CC =CH CH3CH2CH,CH2C== CCH;CH;CH;CH; 
I-pentyne 3,3-dimethyl-I-butyne S-decyne 


(a) Thetihree-carbon alkyne propyne hydrates to give acetone, not propanal (the compound shown in the 
problem). 


H;SO, нд?* 
— 


О 
HO + CH,;C==CH сњісн, 


propyne acetone 
(b) Hydration can only be used to prepare ketones that have at least two hydrogens on the carbon a (that is. 
adjacent) to the carbonyl carbon: 


О 
H,0°, Hg?* || the carbonyl carbon 
HO + —C=C— ————- —CH—Cc— 
must have 
at least 2 Hs 


The ketone shown does not fulfill this requirement. 


(c) Тһе alkyne that would hydrate to this ketone (cyclohexanone) is cyclohexyne. Since cyclohexyne is too 
unstable to isolate. such a hydration reaction is impractical. (Sce the solution to Problem 14.1la fora 
discussion of the instability of cyclohexyne.) 


Compounds A and D are enols. At equilibrium. they exist primarily as the ketones shown below. 
Me 
(a) Cyclohexylacetylene gives different products in the two reactions: 
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›(Н-|вн 


] 
H OHT 
| 
НгО, H 2+ H,0* = 
cyclohexylacetylene ( + C—CH; 


(b) Because it is symmetrical, 2-butyne gives the same product in the two reactions: 


1) BH, THF 
2) H04. “OH 


Ї 
CH,CCH;CH; 


CH,C eS CCH, 


2-butv ne 


HO, нр“ но“ _ 


14.13 (а) The poisoned catalyst causes hydrogenation to stop at the alkene stage: the product is |-octene, 
CHx(CH:CH—CH;. 


(b) The product is the alkane octane, СН+(СН.)СН;. 

(c) Because the molecule (as well as the product) contains its own catalyst poison, hydrogenation stops at 
the alkene. The product is 
УУЛ CH=CH; 


м 


N 
(d) Тһе product is the alkene that results from syn-addition of Dz: 
CH,CH, CH; 
\ / 
с=с 
/ \ 
D D 


14.14 (а) The first reaction, an anti-addition, gives frans-3-hexene; and the second reaction. а syn-addition. gives 


(x)-hexane-3.4-d;. 
| anti-addition | D 
V CH;CH, P. 


Na, NH, (kc) CHCH, 
CH;CH,C= CCH,CH, — 


3-hexyne H ‘HCH: 4 
trans-3-hexene CH;CH 3 
(+}-hexene-3,4-4, 


(b) Тһе first reaction is a syn-addition that gives cis-3-hexene: the second is another syn-addition that gives 
meso-hexane-3,4-d). 
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| syn-addition 


V syn-addition 2 


Н, Pd/C, CH;CH; CHCH; V CH4CH; H 
^ / D,, PdiC 
CHicHuM ECipcH, 02% с=с — n D 
/ \ 
3-hexyne H H 

CHCH? ^H 

cts-3-hexene 

meso-hexenc-3,4-d, 


The conjugate acids are as follows: 


нс сн Ён, HC — C NH 
AH BH 


The order of increasing acidity of the conjugate acids is ВА? > АН, The order of increasing basicity of the 
compounds themselves is then B « A. This order follows from the principle developed in this section: the 
hydrogen with the greatest amount of s character in its C—H bond is most acidic. This problem demorstrates 
that it doesn't matter whether the atom to which the hydrogen is attached is charged or neutral. or whether it is a 
carhon or some other atam. 


(a) Тр is not the acidity order predicted by hybridization arguments. The proton in the O—H bond with 
more s character should be the most acidic if hybridization were the only effect. 

(b) Тһе resonance structures of ion В and the energy diagram are shown below. The pK, is negative because 
(in contrast to Fig. 3.3, text p. 116) the conjugate acid is at a higher free energy than the conjugate base. 
The free energy of the hypothetical conjugate acid without resonance stabilization is higher still. As this 
diagram shows, — pK, is smaller—that is, the pK, is less negative—for the stabilized conjugate acid. In 
other words. resonance stabilization decreases its acidity. Evidently, its acidity is decreased so much that 
it is below that of species A. 


conjugate acid without resonance stabilization eamas 


[hc снн ——— HC — CH — ӧн — 


AG? 


resonance-stabilized conjugate acid 


(c) Тһе conjugate acids are stabilized by donation of hydrogen bonds to the solvent. Conjugate acid A сап 
donate three hydrogen bonds, whereas conjugate acid В can only donate one. Such hydrogen bonding 
afford additional stabilization ta acid A. 


(a) — The pK, of ammonia is about 35 (which indicates the basicity of the amide ion). and that of an alkyne 
acetylenic hydrogen is about 25 (Eq. 14.20), text p. 699). Use the method described in Eq. 3.26b, text р. 
104, to find that the К, fcr Eq. 14.22 is about (0'? With the pK, of an alkane taken as 55. the К for the 
reaction of the amide base with an alkane is about 107%. 

(b)  Asthe calculation in part (a) shows, the reaction of sodium amide with an alkane is quite unfavorable. 
For that reason. this base cannot be used to form the conjugate-base anions of alkanes. 


(a) _ This is an S42 reaction of the anion with ethyl iodide to give 2-pentyne, CH;C==CCH>CH,, plus sodium 
iodine, Na* Г. 


(b) Тһе acetylenic anion reacis in an Sy2 reaction with butyl tosylate: 
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СНСН,СН,СН, — OTs + Ма? :C=C—Ph ——» CH,CH,CH,CH,—C=C—Ph + Na* “OTs 
butyl tosylate 
(c) The acetylenic Grignard reagent. like any other Grignard reagent (text Sec. 11.5C). opens ethylene oxide 


10 give an alcohol: 


О m 
снб==с—мв + /\ ——» CHC=C—CHCHOM9Br 9 CHC=C— CHCHOH 


ethylene oxide 
(d) Sodium acetylide reacts with both alkyl halide groups to give a 1,8-nonadiyne. HC=C1(CH >); CCH, 
plus two equivalents of sodium bromide, Na* Вг. 


14.19 Choke forgot the lessons of Sec. 9.5G: tertiary alkyl halides react with strong bases to give elimination 
products, not substitution products. Acetylenic anions are strong bases: thus, Choke's products were 2- 
methylpropene and propyne. 


(CHj,CBr + Nav :C—CCH, — — o (CH;),C=CH, + HC=CCH, 


tert-butyl bromide 2-methylpropenc propyne 


14.20 Тһе preparation involves the reaction of 3,3-dimethyl-1-hutyne with sodium amide, then with methyl iodide. 


NaNH, nice ФОНД 
(CH,;,CC=CH Whig? (CH;),CC=C: Ма (CH;),;CC=CCH, 
3,3-dimethyl-1-butyaec 4,4-dimeths1-2-pentyne 


14.21 Either alkyl group can be introduced in an Sy2 reaction of an acetylenic anion with an alkyl halide. The two 
preparations of 2-pentyne: 


Method 1: 
HC —I 
NaH А міо теч! 
HC=CCH,CH, астаса Nat :C==CCH,CH; == CH;C=CCH,CHy 
I-butynce 
Method 2: CH;CH,—| 
NaNH = е 

Снус==сн атан СНС: Nat A e CH C=CCH;CH, 

ргорупе 


14.22 Asin the solution to Problem 1421, either alkyl group сап be introduced by the reaction with an alkyl halide. 
The alternative to Eq. 14.29 is to use the acetylenic anion derived from propyne followed by alkylation with 1- 
bromobutane. 

CH;CH,CH,CH, — Br 
мм: - l-b obutan 
CH,C=CH uuu СЊС=С: Nat —— wert = CH;C=CCH,CH,CH,CH, 
propyne 2-heptyne 


However, the reaction shown in Eq. 14.29 is probably superior because СН Вг is the more reactive alkyl halide. 


14.23 (a) A synthesis of {-nonanol from compounds with five or fewer carbons: 


fen pant of tie nara! bw pide a: Зміна atthe permen of ihe рай лен E you Мий an eno: m tha manual dm A тїр //penoke рага су Guard ae ahr шарыг Лечн hex! 


SOLUTIONS TO PROBLEMS- CHAPTER 14 413 


CH4CH;CH;CH;CHBr 
NaNH, = bbromopentane —— Ммм; _ 
HC=CH rug (Nat CCH : CH;CH;CH;CH;CH;C — CH Tq ay 
(excess) 
о H 
А, н Е PdiC catalyst _ 
CH3CH;CH;CH;CH;C =Œ C: М" ——» CH4CH;CH;CH;CH;C == CCH;CH;OH — —— WX 


CH,CH;CH;CH;CH;CH;CH;CH,CH;OH 


I-nonanol 
(б)  Asynthesis of 2-undecanone frum compounds containing live or fewer carbons: 
Na* :C 2 CH H;O 
Iprepared in part (а)] H;O*. на?” 
CH,(CH,),CH,0H CH,(CH,),CH,Br ————-— _ CH,(CH,),CH,—C==cH ELS 4 
I-nonanoi 0 


[prepared in part (a)] | 
CH,(CH,),CH,—C —CH4 


2-undecanone 
(c) A synthesis of rrams-2-heptene from compounds containing five or fewer carbons: 


Na* :C zx CH 


el oda )] NaNH E CHBr 
CH;CH,CH,CH,Br clipe rs CH;CH,CH2CH,— C==CH ii "y CH,CH,CH,CH,C == C: Na* » 
1-bromobutane 
НС H 
Na "4 
CH3CH;CH;CH;C == CCH, wk гаа: 


\ 
H CH;CHCH;CHs 


frans-2-heptene 


14.24 (a) — Whenacis-alkene is called for, catalytic hydrogenation of an alkyne is the preferred route. The 
acetylenic anion used in the first step is prepared by treating |-butyne, CH1CH;C—CH. with NaNH; in 
liquid ammonia. 


CH;CH,C=C: Na' + мае —— 
CH4CH (CH;) snl] 
ag 4а 2 
i Ч j " 
E OS d __Lindlar catalyst 


с=с 
/ N 
H H 


(b) Because the required acetylene is already in hand from the part (a). treating it with Na in liquid ammonia 
will achieve the desired result: 


/ 
H 


Ср ңе r 

тт Na = 

CH3CH;C = C(CH, — O 0 hig С = ©. {| 
(CH2)s—O о 


No рай ai ri manual nay bé up собе o cain dec м Alaoui pam «or c’ tle c М Т ТАЕ # "rip //orogl oon y pods etu- бст Л ва ng/ 


414 CHAPTER 14 * THE CHEM!STRY OF ALKYNES 
14.25 Catalytic hydrogenation with a Lindlar catalyst should bring about hydrogenation of the alkyne to a cis-alkene 
group without affecting the existing alkene. 
Solutions to Additional Problems 
14.26 (a) (bi c) (d) 
CH4CH;CH;CH;C —CH; CH3(CH;),CH; CH4CH;CH;CH;CH —CH; CH34CH;CH;CH;CH — O 
i 0—CH; 
(e) (t (g) 
CH4CH,CH;CH;CH;CH;OH CH4CH;CH;CH;CHCH;Br CH,CH;CH,CH,C-C: Na* 
| 
Вг 
(h) (i) ) 
CH4CH;CH;CH;C = CCH,CH; О CH3CH,CH,CH,CH,CH=0 
| 
+ Nal CH,CH,CH,CH;CCH, 
(К) d) 
CH3CH;CH;CH;C =CMgBr CH3CH;CH;CH;C ES CCH;CH;OH 
14.27 (a) (b) (c) 
CH4CH;CH;CH;CH;CH;CH;CH, CH;CH;CH; CH, CH;CH, о 
^ / 
^ =з ТО Т 
H H (2 equivalents) 
(d) (e) (f) 
CH3CH;CH; H О 
EY, | ] 
ү, CA CH3CH;CH;CCH;CH;CH;CH4 CH4CH;CH;CCH;CH;CH;CH; 
H CH;CH;CH; 
14.28 (a) (c) 
OH НС== СН — CH= CH; 
| 
CH,C == CCHCH,CH, “1-butyn-3-ene™ 
I -buten-3-vnc 
“2-hexyn-4-ol” 
A-hexyn-3-ol 
(b) (d) 
^6-methoxv-1,5-hexadiyne" *S-hexyne" 
I-methoxy-1.5-hexadiyne 1-һехупе 
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(d) 


(a) (c) 
CH,CH,C == CCH;CH; CHCH == CHCH;C =CH „ 
>—C=CH and 
3-hexyne cis and trans Fas 


cis and trans 


cyclopropylacetylene 


(b) Either the cis or the trans :somer of the cyclopropane derivative in part (d) is a satisfactory answer. 
Another is 


CH, 
CH,CH,CHC=CH 


14.30 (a) Bonds with greater s character are shorter. (See text Sec. 14.1.) Therefore, the order of increasing 
C—H bond length is 


acetylene « ethylene « ethane 


(b) Hybridization affects the lengths of C—C bonds in the same way that it affects the lengths of C—H 
bands. Therefore, the lengths of C—C bonds increase in the following order: 


propyne « propene « propane 


14.31 (а) Тһе order of increasing basicity is F <CH,;CH,0 < HC—C . The reason is the element effect operating 
across a row of the periodic table: the more electronegative the atom. the less basic it is. (Note that the 
element effect on acidity is more important than the effect of hybridization.) 

(b) Because alkynes are more acidic than alkenes, which are more acidic than alkanes. the acetylenic anion is 
less basic than the vinylic anion, which is less basic than the alkyl anion. Thus, the basicity order is 


CHCH) C=C < CH4(CH;,CH— ЁН < CH;(CH,),CH, 


14.32 (a) The alkyne should give off a gas (methane or ethane, respectively) when treated with CH ,MgBr or 
C.H;MgBr. (See Eqs. 14.23-14.24 on text p. 699.) The alkene is not acidic enough to react in this way. 
(b) Only the I-alkyne should react with C,H;MgBr lo release a gas (ethane). 
(c) Тһе alkyne should react rapidly with Вг» in an inert solvent. and should therefore rapidly decolerize such 
a bromine solution: the alkane will not react.(d) Forget about chemical tests; ргорупс is а gas and 
1-десупе is a liquid at room temperature. 


natural gas in rural areas for heating or in barbecuc grills as a fuel for cooking.) You also 
know that the presence of a double or triple bond has little effecti on the physical properties 
of hydrocarbons. Thus. propyne is à gas also. 


NI How would you know this? You know that propane is а gas. right? (It is used instcad of 


14.33 Іл some syntheses. more than one acceptable route is possible. 


(a) 
- CH4CH;8 BrCH;CH 
HC=CH -pi> Na'icm 0H — o» CHCHC=CH -ER> CHCHC=C7 Ма? — 
(excess) : 
0, 
Pd/C catalyst 


CH4CH;C = CCH;CH4 em CH4CH;CD;CD;CH;CH4 


3-hexyne 


ual truy be up ic 0 Arc ^ aloni pam «or c tie c Binks ‘you ied 3^ e ^31 nili i mar usd @ # unu //orog! Owen ык y potdiur ed 


416 CHAPTER 14 - THE CHEMISTRY OF ALKYNES 


(b) 
CH4CH,)Br h 
L - r l 
Ho=cH Me нс=сг Nat OS cu (CH) ce cH EA Cu CH) CH — CH, 
liq. NH, 
(excess) 
1-Вехупе 1-һехепе 
(с) 
н, Снн, CH;CH, 1) BH, THF gr 
2) H;0,. "OH 
CH,CH,C=CCH,CH, = n pac 2902 09. CHICH,CHCHCH;CH, 
3-hexyne H H 3-hexanol 
from part (a) 


Oxymercuration-reduction would work equally well in the last step because the alkene is symmetrical 
and reaction regioselectivity is not an issue. 


(d) — I-Hexyne was prepared in part (b). 
(e) 
о 
CH;CH;CH;CH;CH;Br 2 LS 
E NaNH, 2) HO 
Маё ipe CH — — — — ——» CHCH;CHICH;CH; CES CH e 0 9 
н, 1) KMnO NaOH 
2) n,0* 
CH,CH;CH,CH,CH,C S C —CH,CH,—OH 2» сн сн,.сн,он ————————» снусн,со,н 
(f 
CH, 
1) [(CHy),CHCH).BH 
Ж. сн,снс 2) H “OH 
Nat ї{с=сн 220 CH,),CH(CH,),C=CH 2-99 H (CH,),CH(CH,);CH=O 
from part (a) 
(g) 
4 CHCH сњ 
CH;CH,C==C: Nat T. cuoc ccu, =» = C=C 
from part (a) н H 
cis-2-pentene 
(№) 
- H Я t 
Nat ipee cH - Ч. CHACHhC=CH ERE CH(CH). CER CF Nat t. 
from part (f) 


Б" H 
Ма metal ba 
LS PON 
H (CH,),CH, 


frans-3-decene 


CH,(CH2)30 = C(CH?);CH; 
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(i) 
H2 
СнуСн;);Вг MaNH, X —Br(CHj;CH = Lindlar catalyst 
» iq Ny TE CH,CH);C E C(CH;CHs — Ee 


from part (a) 


CH;(CH2)2 (CH2),CH; OsO, (са!) HO OH 
\ / NMMO — NIA 
с=с —s н СС. н 
/ N / \ 
Н H CH3(CH2); (CH,),CH, 


meso-4,5-octanediol 


An alternate route would be to form the frans-alkene from the alkyne by reduction with Na in liquid 
ammonia: then form the epoxide from the alkene using mefa-chloroperbenzoic acid (text p. 488): and 
then allow the epoxide to react with water under acidic conditions to give the meso-diol. 


(j) 
о 
1) Z Ns н, енн CH;CH,OH 
2) H,o* / 
CHCH,C Cr Nat —“" > онсн,с==ссн,сн,он =ч» pU 
from part (g) H `H 
(Z)-3-hexen-1-ol 
(a) 
CH,CH,C=C:" Nat L> cH,cH,c=cp 
from Problem 14.33(g) 
(b) 
П о, 
CH.CH,CmecD - 0С йау. CH,CH,CD,CD; 
(тот рая (а) 
(с) 
"(| | | о 
[ вн 1) KMnO NaOH 
21 Hz02/0H7 | ањо" 


CHCH; C==CH ——————> CH,CH;CH;CH ——— — —— 9  CH4CH;CH;CO;H 


An alternate, albeit somewhat longer, route: 


н, 1) ВН, THF 
2) н,О, "OH 
ссн ишн Жени, сн CH CH=CH, De 0. 
1) KMnOJNaOH 
2) H,0* 


CH;C H;CH;CH,OH =a TE CH;CH;CH;CO;H 
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(d) 
CH,CH,CHCH,OH - #9. CH.CH,CH,CH,8r — 
ront pape) I— CH;CH;CH,CH,OCH;CH,CH,CH, 
CH;CH,CH,CH,OH -$= CH,CH,CH,CH,O” Na* —/ L-butoxybutanc 
(e) 
CH CHOH CH Be Г айыы 
CH CHCC: Nat HOU Сн сн с CCH,CH,CH,CH, mueren. 
from Prohlem 14.34(a) 3-octyne 
CHCH; CH,CH,CH,CH, — D 
N / Pd/C catalyst — N / 
PER ұт He C—O 
H H CH,CH, CH;CH;CH;CH; 


(38,4S)-3.4-dideuterivoctanc 
+ ап equal amount of its enantiomer 


The addition of D; and the addition of Н» could be interchanged (with the catalysts remaining the same— 
that is, the Lindlar catalyst must be used first). 


« In assigning configurations, notice that a CH1CH;CHD — group receives priority over а 
p» / —CH;CH.CH.CH; group. 
M 


(Р) 
H? 
Pd/C catalyst 
CH,CH,C == CCH;CH;CH,CH, — — — —-—  CH;,CH;CH;CH,CH;CH;CH;CH, 
3-octyne octane 
from Problem 14.34(e) 
(g) 
о 
но н.о* a] ! 
CH,CH,C=CH "> CH,CH,CCH; 


14.35 (a) Two constitutionally isomeric enols are possible, onc of which can exist as E and Z stereoisomers. 


H OH H CH(CH3); HO CH; 
N / N / \ / 
С=С С=С C=C 
/ N / N / N 
НС ССН) — H&C OH CH4CH; CH; 


E and Z stereoisomers 


(b) Hydration would not be a good preparative method for this compound. The only alkyne that might give 
this compound as a product is 4-methyl-2-pentyne: but. because both carbons of its triple bond have one 
alkyl substituent, that alkyne would give a mixture of two constitutionally isomeric products of which the 
desired compound is only onc component. These have very similar physical properties and are very 
difficult to separate. 
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0 | 


(0) 
H3O*, Hg?’ 1 | 
HO + CH;C==CCH(CH,)) ————= CH,CH;— C—CH(CH); + 4,C—C—CH,CHICH,), 


4-methyl-2-pentyne 


First look for the telltale C—H and C=C stretching absorptions: these are present in the spectrum of compound 
B near 3300 cm ' and 2100 cm !. Hence, compound В is ]-hexyne. Compound A has no trace of C=C 
absorption and, more importantly, it has a 1640 cm ! C=C stretching absorption as well as 910 cm ! and 990 
ст! C—H bending absorptions, all of which are consistent with a —СН==СН» group. Therefore, compound A 
is 3-methyl-1.4-pentadiene. By elimination, compound C must be 2-hexyne. 


CH, 
| 
H,C— CHCHCH — CH; CH;CH,CH,CH,C =CH CHC = CCH,CH,CH, 
3-methyl-1.4-pentadiene I-hexvne 2-hexyne 
compound 4 compound B compound C 


Because muscalure is a cis-alkene, we can prepare it by hydrogenation of an alkyne. The required alkyne is 
unbranched and can be prepared by a series of alkvlations involving acetylenic anions and alkyl hromides. One 
of the required alkyl bromides is |-bromooctane, which is prepared as follows. (For the preparation of sodium 
acetylide, Na* "CCH, see the solution to Problem 14.33(a). 

ads HBr ^ 
н st roxides acm 
CH;CH,C=CH 0922 SNS Cu c cH cu, PS „ cu cH CH cH;gr 8 670 3. 


Hz HBr жы 
снусн,)ус==сн 299281807 снсн, снн, = CHCH); LEER, 
н; НВг 
Lindlar catalyst ——— 


CH3(CH4C — CH. ——— —— CH4(CH24CH — CH; —————— СНу(СН,)Вг 
As you can see from this example, the carbon chain of an alkyne can he extended two carbons at a time using 
the following sequence (rcferred to below as the alkyne n + 2 sequence): 
HBr 


H; з " 
CH,(CH,),C==CH PERPE, сн онон cH; OM» cuc, gr 2 SCH, 


CH;(CH2) „2С — CH 


Consequently. 1-bromotridecane, CH34(CH»2);;Br, сап be prepared by applying four successive “alkyne 
n + 2 sequences? to 1-репіупе (= 2). and finishing with the hydrogenation and HBr-addition steps: 


fout 
“akene n € Z7 H; 
Lindiar catal 
CH;(CH,),C=CH "= сн бн. Ce CH 212162809 
1-реп(уле HBr 


CHCH) CH=CH, E CH,(CH,),.8r 


1-bromotridecane 


To complete the synthesis of muscalure, carry out two successive alkylations of acetylenic anions with the alkyl 
bromides prepared above. and then hydrogenate the resulting product. 
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ВСН) Сну 


Nat CCH PL снуснус=сн й CH(CH) C99 C? Ма? ОЬ p 
н, Снн: ЧАВ 
снусн,уС=с(н,) Сну emu bec 
н н 
muscalure 


14.38 This problem is similar to the previous onc. Disparlure is a cis-epoxide. which can be prepared by epoxidation 
of a cis-alkene. (Recall that this reaction proceeds with retention of stereochemistry: Sec. 11.3A.) The cis- 
alkene can be prepared by hydrogenation of an alkyne. 

First prepare 1-bromodecane from 1-bromooctane. which was prepared in the solution to Problem 14.37. 


T н, 
CHCH her 2—22. снусні,сявен ——— 


НВг 
CH,(CH,),CH=CH, —P9"9* „> CH.(CH,),Br 


1-hromodecanc 


Next, alkylate sodium acetylide with |-bromo-3-methylbutane (isoamyl bromide). Apply the alkyne n + 2 
sequence described in the previous solution, alkylate the conjugate base of the resulting alkyne with 1-bromo- 
decane. hydrogenate, and form the epoxide to complete the synthesis. 

‘alkene n + 2" 


B(CH),CH(CH), 900 Wc-o(CH)CHCH), — 9 e HC=C(CHuCHCH:) pre 


e 


тс==с(снусң(сну), LE „ Cu CH C — CCH)CH(CH,, == == „ 


CH;(CH;)s (CH; CH(CH3); о 


CPBA t 
с=с — снуснуь—/2—Сченусң(Сн,), 
H H 


^ 


disparlure 


14.39 (а)  Inreaction (1). the “anionic carbon" of ethylmagnesium bromide acts as a base towards the C—H bond 
of ethynylmagnesium bromide. (The reacting C—Mg bond of the Grignard reagent is shown as ionic to 
stress its polar character. This is a convenient fiction that helps us to remember that the Grignard reagent 
is a strong carbon base.) 


рари A, 
= ae ] ^ 
снн, Mor — H-—C--CMgBr ——= CHCH; + :C-——CMgBr 
ethynyimagnesium MgBr 
bromide 


According to Eq. (2) in the problem, an excess of acetylene reacts with the BreMgC=CMgBr product of 

Eq. (1) to regenerate ethynylmagnesium bromide. Thus, the formation of BBMgC-CMgBr. the 

undesired by-product. is avoided by "recycling" it in Eq. (2) back to the desired product HC==CMgBr. 
(b) The “anionic carbon" of onc Grignard reagent acts as a base toward the C—H bond of the other 


fa ~ [N D - 
HC=C: MgBr H—C=CMgBr ==> HC=C—H + MgBr :C =CMgBr 
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(a) 


(b) 
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An excess of acetylene. bv Le Chátelier's principle, drives the equilibrium to the left. 

Precipitation of BMgC-CMgBr would pull both reactions (1) and (2) to the right. thus depleting the 
desired product HC==CMgBr and forming more of the undesired onc. Using a solvent that avoids this 
precipitation avoids these side-reactions. 


The radical anion forms in this case just as it does with internal alkynes. (See Eq. 14.18a on text p. 696.) 
This radical anion is a strong base, and a l-alkyne is acidic enough to react with it. (Internal alkynes, of 
course, lack this acidic hydrogen.) Recall that 1-alkynes have a pK, of 25. whereas ammonia, the solvent, 
has a pK, of about 32. Ammonia is the only acid available in the reaction of internal alkynes. but in the 
reaction of 1-alkynes. the alkyne itself is the strongest acid present. This is the source of the side 
reaction. 


Nat RC=CH H Гес —» RC=CH, + Na? :С==СА 
radical anion vinylic radical acetylenic anion 
The vinylic radical is reduced as in the case of internal alkynes to give a vinylic anion: 
RC=CH, + Na ——» RC=CH, Nat 
vinvlic radical vinylic anion 


Here we have another strong base: the pX, of a vinylic proton is about 42. This anion therefore consumes 
yet another molecule of 1-alkyne to give the alkene. 


H 
ne » à + бе. D | +t- 
RC—CH; Ма H*-C==CR ——> RC=CH, + Na :C==CR 
vinylic anion alkene acetylenic anion 


Hence. we form two acetylenic anions for every one alkene formed: the acetylenic anions do noi react 
further. 

Presumably. the side reactions above could be avoided if a proton source were present that is a stronger 
acid than the acetylide ion. Ammonium sulfate (Lhat is. “NH, ion) was used for this purpose: the pK, of 
"NH, is 9.2. In the mechanism of part (a). simply substitute this acid everywhere a |—alkyne is acting as 
an acid. With this ploy, all of the alkyne is reduced. 


The order of increasing acidity is C « A « B. The acidity of carboxylic acids is increased when electroregative 
atoms or groups arc nearby. as a result of the inductive effect. The alkyne group is more electronegative than 
the alkene, which is more electrenegative than the alkane. The alkyne group, followed by the alkene group. 
draw electron density towards them and weaken the O-H bond, making for successively stronger acids. 
Additionally. the electron withdrawing ability of those groups stabilize the conjugate bases of those ac:ds. 


(a) 


(b) 


The IR spectrum suggests a l-alkyne. In the NMR spectrum, the à 3.31 singlet indicates a methoxy 
group. and the six-proton 6 2.41 singlet suggests two equivalent propargylic methyl groups bound to a 
quaternary carbon. The compound is 3-methoxy-3-methyl- l-butyne. 


CH; 


HC==CCCH, 


| 
OCH, 


3-methaxy-3-mcthyl-1 -hutync 
The IR data suggest a l-alkyne, and this diagnosis is confirmed by the formation of a gas (ethane) when 
the compound is treated with C;HsMgBr. The three-proton 6 3.41 singlet suggests a methoxy group. The 
structure is 3-methoxypropyne, НС==ССН.ОСН}. 
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(c) 


(d) 


(a) 


(b) 


(a) 


(b) 


The IR data suggest that the compound is both a 1-alkyne and an alcohol. The ô 4.6 resonance for 1/7 
indicates that the alcohol is secondary. Its splitting also shows that this a-hydrogen is adjacent to a 
methy! group, and its chemical shift shows that other functionality, probably the С==СН group. is 
adjacent. The dry/wet contrast also indicates that this is the resonance of an alcohol a-proton. A small 
splitting of the a-hydrogen by the acetylenic hydrogen would account for the secondary splitting of each 
quartet line into a doublet. (Recall that vinylic. and by extension. acetylenic, splitting can occur over four 
bonds.) The spectrum is consistent with only the following structure. 


OH 


3-butyn-2-ol 


The methyl doublet at 6 1.5. the slightly split acetylenic-proton resonance at 6 2.5. and the D,O- 
exchangcable resonance at ó 6.5 аге all consistent with this structurc. 

The IR data suggest a l-alkyne. The presence of a methoxy group is indicated by the three-proton singlet 
at 6 3.79. There is one additional degree of unsaturation: because three carbons are already accounted 
for, the unsaturation must be in the remaining two. Consequently. there is a double bond. Cis 
stereochemistry is suggested by the small 6-Hz coupling constant between the vinylic protons. (Sce 
Table 13.3 on text p. 647.) The splitting suggests that one of the vinylic protons (6 4.52) is also coupled 
to an acetylenic proton. The chemical shift of the other vinylic proton (6 6.38) suggests that it is a to the 
methoxy oxygen. All of these data conspire to give the following structure: 


CH3O C=CH 
\ 
C=C 
if y 
H H 
(Z-1-methoxy-1-buten-3-y ne 


The IR absorptions indicate а carbon-carbon triple bond (2100 cm ^!) and a 1-аікупе (3300 cm '). The 
CMR data show that there are only four nonequivalent sets of carbons. The compound is 3,3-dimethyl-1- 
butyne, (CH y)4CC=CH, also known as fert-butylacetylene. (See also the solution to Problein 14.4.) 
Assuming that all resonances for chemically nonequivalent carbons are separately observable, l-hexync. 
CH;CH;CH:CH;C-3CH. should have a CMR spectrum consisting of six resonances; 4-methyl-2- 
pentyne, (CH 4)2;CHC-CCH.. should have a CMR spectrum consisting of five. because two of the 
methy! groups are chemically equivalent. 


This mechanism consists of two successive Bronsted acid—base reactions. 


"TN op 
prc=C—H” `@ => prceci = Prc=C—p + 100 


+ H—OD 


A bromohydrin is formed: however, because the bromohydrin is also an епо]. it is converted into the a- 
bromo ketone. (See Eqs. 14.6a—b on text p. 691 for the mechanism of the enol-to-ketone conversion.) 


N 


Р E 1 Br: :Br: :Br: Br: 


{ | | | E 
Ph—C=CH — Ph—C=CH — Ph—C—CH — Ph—c=CH + H—OH, 


j +l | 

H,0: " iu OH ‘OH 
H,0: zu the enol of an 

a-bromo ketone 
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A carbocation rather than a bromonium ion is shown above as the reactive intermediate in bromine 

addition, although a bromonium ton is a possible alternative. Because of its carbon-carbon double bond, 
a bromonium ion derived from bromine addition to an alkyne would be more strained than a bromonium 
ion derived from bromine addition to an alkene, and might be unstable enough to open to a carbocation. 


The ozonolysis results define compound В as 1.5-hexadiene. HxC—CHCH.CH.CH=CH),. Because compound 
В is produced by hydrogenation of compound A. and because two equivalents of H, must be added to compound 
A (СН) to give compound В (C4H,0), compound A must be 1,5-hexadiyne, HC—CCH;CH;C—CH. 


Compound A has four degrees of unsaturation. Because the product of hydrogenation is butylcyclohexane. one 
degree of unsaturation is accounted for by a 6-membered ring. Two others are accounted for by the triple bond: 
remember, it was given that compound A is an alkyne. The triple bond cannot be within the ring (why?), nor can 
it be at the end of the four-carbon chain because of the absence of a reaction of A with ethylmagnesium 
bromide. Hydrogenation of A under conditions that hydrogenate triple bonds to double bonds but leave double 
bonds unaffected gives an alkene which. on ozonolysis. loses ^wo carbons. The fact that a tricarboxylic acid is 
formed on ozonolysis shows that the double bond of A is within the ring. It is now possible to write several 
preliminary siructures for A: 


cy =CCH; аш =CCH; cr =CCH; 


4] 42 1+ 


Compound АЈ is ruled out because it is nol chiral: recall that compound A is optically active. To distinguish 
between А2 and AJ, imagine the results of hydrogenation over a poisoned catalyst followed by ozonolysis: 


H H H 
„бН;С==СОН; alc catalyst S A 1) 0; CH; ___-CH,CO-H 
С ne an, 


CH; CH; HC COH 
A2 `со,н 


chiral; would be 
optically active if 42 were 
optically active 


+ CH4CO;H 
__ H; H H 
CH;C-—CCH; рассаајузі N / 10, К CH;CO;H 
CY quincline ы =e 2) H,0,,H,0 | HC CH 
SM 


| 
CH; CH; CO;H CH;CO;H 
A3 achiral; would be 


optically inactive even if 43 were 
optically active 


+ CH4CO;H 


The observation of optical activily in the ozonolysis product rules out A3 and is consistent only with A2 as the 
structure of compound A. 
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P di =CCH, 


campound 4 = 42 
342-butynyl)cyclohexene 


The data do not determine which enantiomer compound A is. 


(a) The Grignard reagent converts ]-hexyne into the acetylenic Grignard reagent: see Eq. 14.23 on text p. 
699. Protonolysis of the Grignard reagent by О-О gives CH,CH,CH»CH,C=CD as the final product. 

(b)  Butyllithium is a strong base: like a Grignard reagent, it converts a l-alkyne into a lithium acetylide. 
Lithium acetylides, like acetylenic Grignard reagents. react as if they were acetylenic anions. Consec- 
quently. the lithium acetylide, as suggested by the hint, reacts as a nucleophile. displacing chloride ion 


from (CH;);Si—Cl. 
CH CH,CHA4Li - (H) A 
CH,CH,CH,CH,C cH L A CHCH CHCH; с=с -LS сн,сн,сн,сн,с =CSi(CH) 


E 
+ CH;CH,CH,CH, + га 
(с) | -Octyne is converted into its conjugate-base acetylide ion with NaNH». This ion is alkylated by diethyl 
sulfate to give 3-undecyne. 


е) 


e yu x^ e у) -oll 

CH;(CH,).C =C: Na* CH,CH; ос, — CH4(CH2)&C 2 CCH;CH; + Na* :QSOCH,CH; 
\ | 
о 3-undecyne 


id) Тһе lithium acetylide (as an acetylide ion) serves as a nucleophile in an Sy2 reaction with the alkyl 
halide: the better leaving group (chloride) is expelled. The product is 7-fluoro- 1 -heptync. 
F(CH2),C==CH. plus Li°Cr. 

(e) Bromine adds to the double bond: both bromines are subsequently eliminated in consecutive NaNH;- 


promoted E2 reactions to give phenylacetylene. (Remember, NH; is a strong base and. like many strong 
bases, can promote E2 reactions.) 


PhCH—CH, >» PhCH—CH,Br e рс =сн, MM, NOS рс=сн 
| 
Br Br + 2NH, 
+ NH, + Na! Br + Na* Br + Na* 


Two equivalents of NaNH; are required in the last step because one equivalent is consumed by reaction 
with phenylacetylene. РҺС==СН. which is the product of the second elimination: this reaction gives the 
conjugate-hase acetylenic anion, PhC==C: . This anion is converted back into phenylacetylene by 
addition of acid (or water) at the conclusion of the reaction. 


(f) As suggested by the hint, chloroform and a strong base give dichloromethylene, a carbene. which adds to 
the triple bond to give a cvclopropene. The formation of dichlorocarbene is shown in Eqs. 9.76a-b, text 
p. 435. 


CL cl 


CLC: + Ph—CeC—Ph —> LÀ 
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Dienes, Resonance, 
and Aromaticity 


STUDY GUIDE LINKS 


LT 15.1 А Terminology Review 


The purpose of this Study Guide Link is to review and to distinguish between the following terms 
used to describe addition reactions: 


1. cycloaddition reactions 
2. concerted reactions 
3. pericyclic reactions 


These terms in some cases may seem synonymous, but they are in fact different, and have very 
precise meanings. A cycloaddition is an addition that results in ring formation. Ozone addition and 
the Diels-Alder reaction are two examples of cycloadditions. The term cycloaddition succinctly 
describes the outcome of a reaction, but says nothing about the mechanism of the reaction. The 
terms concerted and pericyclic, in contrast, are descriptions of mechanism. Reactions that occur by 
mechanisms involving a single step—that is, mechanisms involving no reactive intermediates— 
are referred to as concerted reactions. Concerted reactions that occur by a cyclic flow of electrons 
are called pericyclic reactions (pericyclic = “around the circle”). All pericyclic reactions are 
concerted, but some concerted reactions are not pericyclic. Thus. hydroboration of alkenes (Sec. 
5.4B of the text) is a concerted pericyclic reaction (although it is not a cycloaddition because a 
ring is not formed). The Sy2 reaction (Sec. 9.4 of the text) is concerted, but it is not pericyclic 
because the flow of electrons in the mechanism is not cyclic. The Diels-Alder reaction is a 
concerted cycloaddition, and it is also a pericyclic reaction. (Chapter 28 is devoted to a more 
detailed study of pericyclic reactions.) 
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FURTHER EXPLORATIONS 


Ge 15.1 More on UV Spectroscopy 


Why are peaks in UV spectra so broad? We are led to ask this question because the molecular 
orbital theory of UV spectroscopy discussed in the text implies that a т — 7* transition should 
occur at a very precise value of the energy. that is, at E = Ae. 

The answer lies in the rate at which electronic transitions take place. It turns out that thc 
motions of electrons are thousands of times faster than the motions of nuclei. As you learned in 
Chapter 12. the nuclei in molecules are vibrating constantly. When energy is absorbed from UV 
light by a molecule, this act of absorption "catches" the molecule in a variety of vibrational states. 
That is, some bonds are stretched, some are compressed, and all possible combinations of these 
states for all possible bonds can occur. Because the electronic transition occurs so much faster than 
bond vibrations, the "molecule" that absorbs UV energy is actually a complex mixture of 
molecules in various vibrational states. These states differ in energy. as do the excited states into 
which they are converted. These energy differences are reflected in a broadening of the energy at 
which the UV transition is observed. In gas-phase UV spectra, one can in many cases see very 
narrow peaks associated with the different vibrational states. (Spectroscopists call these peaks 
"vibrational fine structure.”) Interaction of the absorhing molecules with solvent further blurs 
these. vibrational energies. so that the absorption observed in solution is something of an 
"envelope" of all of these states, Thus, UV absorptions in solution are typically very broad. 


15.2 Тһе л Molecular Orbitals of Benzene 


Only the benzene bonding 7 molecular orbital of lowest energy is shown in Fig. 15.16b on text p. 
761. Benzene has five other 7 molecular orbitals, and they are shown in Fig. 5615.1 (following 
page). 

As you can see, there are three bonding and three antibonding orbitals—six 2p orbitals, six 
MOs. Two of the bonding МОѕ— m, and 7—have the same energy. Orbitals of the same energy 
are said to be degenerate. Because these MOs have the same energy. they have the same number 
of nodes (one). Two of the antibonding MOs— m4* and 7;* —аге also degenerate. Because there 
are six 7r electrons, there are just enough electrons to fill the three bonding MOs. All three of these 
MOs. because they are bonding. are lower in energy than an isolated 2p orbital. whose energy is 
indicated by the dashed line. Hence. benzene is stabilized by molecular-orbital formation. 

In Sec. 15.7D, you will learn to calculate the energies of these MOs. When you do, you will 
find that the energy of 7r, is particularly low. This filled. low-energy МО, which encircles the 
entire molecule with z-electron density above and below the ring. is particularly important for the 
stability of benzene. This is the MO that is shown in Fig. 15.16b of the text. (Undoubtedly, the fact 
that the bond angles in benzene arc exactly right for sp^-hybridized carbons contributes to the 
molecule's stability as well.) 
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* 
Te 3 nodes 


degenerate orbitals 
2 nodes 


т, degenerate orbitals 
J 1 node 


Tı 0 nodes 


Figure SG15.1 The n molecular orbitals of benzene superimposed on a ball-and-stick model Wave peaks are 


black, and wave troughs are gray. The £ = 0 line is the energy of an electron in an isolated 2p orbital. 
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WUU REACTION REVIEW 


|. ADDITION OF HYDROGEN HALIDES TO CONJUGATED DIENES 
A. 1,2- AND 1,4-ADDITIONS 


1. Conjugated dienes react with hydrogen halides to give two types of addition product. 


a. The major product results from 1.2-addition. In a 1,2-addition. the hydrogen and halogen add to 
adjacent carbons. 


b. Ihe minor product results trom 1,4-addition, or conjugate addition. Ina 1.4-addition, the hydrogen and 
halogen add to carbons that have a 1.4-relationship. 


H H 


HCI CI 
— + 
©- idis CH; Ре CHs 


| ,2-addition product l 4-addition product 


2. The 1,2-addition mechanism is analogous to the addition of HX with an ordinary alkene. 
3. The 1,4-addition. or conjugate-addition. mechanism involves: 
a. protonation of a double bond to give an allylic carbocation in which the positive charge is not localized. 
but is instead shared by two different carbons. 


b. formation of two constitutional isomers by a Lewis acid-base association reaction of the halide ion with 
the carbocation at either of its electron-deficient carbons. 


\ / их mz / / 
C—C0—C—C — |H—6C—C—C-—C <> H—C—C-—C—C* 
/ \ к I 5 TW s 
i j 
X 
a / | | 
H—C—C—C=C H—C—C=C—C—xX 

ТТ А СЕ 1 

],2-addition product 1 .4-addition product 


4. The product distribution in hydrogen-halide addition to a conjugated diene is determined by the relative 
rates of the product-determining steps. 


a. Formation of the 1,2-addition product is faster but reversible. 
b. Formation of the 1.4-addition product is slower but virtually irreversible. 


Il. FORMATION OF DIENE POLYMERS 


1. The polymerization of 1.3-butadiene gives polybutadiene. an important type of synthetic rubber used in the 
manufacture of tires. 


free-radical 
initiator 


nH,C=CH—CH=CH, ————*= —{-CH,—CH=CH— CH; +- 
1 3-butadiene polybutadiene 


REACTION REVIEW - CHAPTER 15 429 


a. Polybutadiene is referred to as a diene polymer because it comes from polymerization of a diene 
monomer. 

b. Polybutadiene has only one double bond per unit, because one double bond is lost through the addition 
that takes place in tke polymerization process. 

Polymerization of dienes is a free-radical reaction. Although the polymerization product is largely the 

result of 1,4-addition, a small amount of 1,2-addition can occur as well. 

Styrene—butadiene rubber, SBR, is an example of a copolymer. a polymer produced by the simultaneous 

polymerization of two or more monomers, in this case. styrene (PhCH—CH;) and 1.3-butadiene. 


11. THE DIELSCALDER REACTION 


А. INTRODUCTION 


Many conjugated dienes undergo addition reactions, called Diels- Alder reactions, with certain alkenes or 
alkynes. 

a. The conjugated diene component of this reaction is referred to simply as the dienc. 

b. The alkene component of this reaction is referred to as the dienophile. 


сосн, 


dienophile —= НС == CH — CO;CH; 
4 — n! 


diene \ / 


Some of the dienophiles that react most readily in the Diels-Alder reaction bear substituent groups such as 
esters (—CO^R). nitriles (—CN), or certain other unsaturated. electronegative groups that are conjugated 
with the alkene double bond. (Some alkynes also serve as dienophiles.) 

When the diene is cyclic. bicyclic products are obtained in the Diels-Alder reaction. 


COCH COCH 
OO. fom 
M V 


The Diels—A der reaction is 


а. acycloaddition reaction (an addition reaction that results in the formation of a ring). 
b. a pericyclic reaction (a concerted reaction that involves a cyclic flow of electrons). 


CO;CH 
H.C == CH— CO;CH; я 


ши 77 


с. a 1,4-addition, or conjugate addition, reaction (an addition that occurs across the outer carbons of the 
diene). 
d. a stereoselective syn-addition to both diene and dienophile. 


B. EFFECT OF DIENE CONFORMATION ON THE DIELS- ALDER REACTION 


In the Diels-Alder transition state, the diene component is in the s-cis conformation. 

a. Dienes "locked" into s-trans conformations are unreactive in Diels—Alder reactions. 

b. Dienes "locked" into s-cis conformations are unusually reactive and in many cases much more reactive 
than corresponding noncyclic dienes. 
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HC H 
N / 
С==С H 
ГА N / 
H с=с 
/ às 
13« vclopentadiene H CH; 
“Jocked" into the s-cis diene QE AE)-2.4-hexadiene 


conformation Бу its structure 
prefers the s-trans conformation 
more reactive in Diels- Alder reactions 
less reactive in Diels. Alder reactions 


2. The Diels-Alder reactions of a crs-diene are much slower than the corresponding reactions of its trans- 
diene stereoisomer, which does not have the destabilizing repulsion in its s-cis conformation. 


a, — —* Á 


cis-diene А 
van der Waals repulsion 
less reactive in Diels—Alder reactions 


H3C s 
Mee NIS CH, == HC AN CH; 


trans-diene no methyl-methyl repulsion 


more reactive in Diels-Alder reactions 


a. Severe van der Waals repulsion destabilizes the s-cis conformation of the diene. 


b. Severe van der Waals repulsion destabilizes the transition states for the Diels—Alder reactions of the s- 
cis conformation of the ciene. 


C. SIEREOCHEMISIRY OF THE DIELSCALDER REACTION 


1. When a diene and dicnophile react in a Diels-Alder reaction, they approach each other in parallel planes. 
a. This type of approach allows the zrelectron clouds of the two components to overlap and form the 
bonds of the product. 


b. Each component adds to the other at one face. 
i. The diene undergoes a syn-addition to the dienophile. 
ii. The dienophile undergoes a 1,4-syn-addition to the diene. 

c. Groups that are cis in the alkene starting material are also cis in the product. 

d. Syn-addition to the diene is apparent if the terminal carbons of the diene unit are stereocenters. 

2. A syn-addition requires that in the Diels-Alder product— 

a. the two inner substituents of the diene always have a cis relationship. 

b. the two outer substituents of the diene also always have a cis relationship. 

с. an inner substituent on one carbon of the diene is always trans to an outer substituent on the other. 

d. Cis substituents in the dienophile are cis in the product; trans substituents in the dienophile are trans in 
the product. 
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cis substituents 
CH; / 
P os mE соон Н coch 
» ZH ae 3 
outer C / ~ Н Lows Н 
substituents Lù н X T С / wi е “Н 
Р EI 
\ н CO;CH; СОСН COCH 
"OH "aer HC H E ay eS 
substituents 
3. 


abbreviated with the terms endo and exo. 


a. 
CH;02C 
cH0,c—7 Н 
H 
endo-addition cH, —s || 
t "AM 
Ўн 
HC 
b. 
H 
н—2— 0020Hs 
| СОСН: 
ero-addition | CH; — e | 
m 
Ўн 
нс 
с. 
are used. 
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CH, —— — — — —outer diene substituent 
! 
A. 


CH 


CH; 


CH; 


Jn the endo product, the dienophile substituents are cis to the outer diene substituents. 


СОСН; ——— dienophile substituent 


N COCH; ——— dienophile substituent 


А cis 
ter dicne substituent 


In the exo produci. the dienophile substituents are trans to the outer diene substituents. 


puter diene substituent 1 
CO;CH4 —— dicnophile substituent 


*CO;CH, ——— dienophile substituent Y 


| Р trans 
ter diene substituent | 
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For a given diene ard dienophile. two diastereomeric syn-addition products аге possible and аге 


In many cases, the endo mode of addition is favored over the exo mode. particularly when cyclic dienes 
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SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


1.3.5-Hexatriene (either cis or trans) has six MOs; three are bonding. and three are antibonding. These 


MOs are shown in Fig. 5615.2. 
(b) Each MO of successively higher energy has an additional planar node. 
(c) The nodes are shown in Fig. SGI5.2. The nodes are symmetrically arranged about the center of the 


molecule. (The nodes of all MOs are shown.) 


15:1 (а) 


companent 2р 
crbitals 


1.808 


molecular orbitals electron 
occupancy 


Figure SG15.2 The MOs of 1,3,5-hexatriene. The carbons are shown as black spheres. All MOs 
are projected onto the plane of the page. The nodes аге the gray vertical lines. 
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The delocalization energy is the energy of each MO times the number of electrons in that МО, minus the same 
cnergy for three ethylenes: 


delocalization energy = 2(1.808) + 2(1.258) + 2(0.448) - (3)(2)(0.008) = 0.988 


The conformations of (2£.4£)-2.4-hexadiene: 


^. 
С—С. ec. 
j 2 ü 
HiC— C. s C—CH; H3C Сн 
S-CIS s-trans 
The conformations of (2E.4Z)-2.4-hexadiene: 
^» OF " = 
РА ы ~ P 
H4C—C C—H С—С 
3 ~ с 7 Noi 
HiC— C. 
greater | | 
van der Waals s-trans 
repulsions 
5-cis 


(2E.4E)-2.4-hexadiene has the greater proportion of s-cis conformation because the van der Waals repulsions 
between inner groups are smaller in the (2E, AE )-stereoisomer. The reason is that the inner groups in the 
(2E.AE)-stercoisomer are both hydrogens. whereas. in the (2£,4Z)-stereoisomer, one of these groups is a methyl 
group. which is considerably larger than hydrogen. It follows then that (2E.4E)-2.4-hexadiene would also have 
the greater proportion of the gauche conformation. The (2£.4Z)-2.4-hexadiene isomer would still have van der 
Waals repulsions between the methyl group and the hydrogen. even when they are 60° apart. 


First, draw the structures: 


X / РА X 
С=с H,C— CHCH,CH —CH; с=с с=с 
y N 7 N / N 
H CH; 1 4-pentadiene H CH;CH; H CH; 
(£)-1.3-pentadiene (£)-1.3-hexadiene (E)-1.4-hexadiene 


(E)-1.3-pentadiene has a double bond with one substituent and a double bond with two substituents (counting 
the carbon of other double bond). whereas |.4-pentadiene has two double bonds with a single substituent. 
Hence. the energy difference between these two pentadiene isomers reflects not only the effect of conjugation 
but also the effect of additional double-bond substituents. Both effects stabilize the conjugated isomer. The two 
hexadiene isomers contain identical numbers of substituents: hence, the energy difference between these two 
isomers reflects only the effect of conjugation. Because the comparison of pentadiene isomers contains two 
effects that operate in the same direction. the energy difference between these isomers is expected to be greater. 
as observed. 


(a) The two enantiomers of an allene: 

CH;CH;CH;CH; CH3CH;CH;GH; 

TT жылыды! А 
СОН HO;C 


H 
CH; 
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15.13 (а) (b) 


сњо — l H4CO;C СОСН; 


P ORO 


15.14 (a) An analysis like that employed in Study Problem 15.1 (text p. 733) suggests two possibilities. 


Pair A is preferred because. in many cases, the most reactive dienophiles are those with conjugated 
electronegative substituents. But if your answer was pair В, you have analyzed the problem correctly. 
(b) There are two possibilities: 


CO,CH; 
LS + HC==C—CO,CH; CT + HC=CH 


A B 


Pair A is the more practical alternative because of the availability of starting materials, and especially 
because dienophiles with electron-withdrawing substituents are more reactive. But if your answer was 
pair B, you have analyzed the problem correctly. 


15.15 (a) X With 1,3-butadiene as the diene and ethylene as the dienophile. the product would be cyclohexene. 


1.3-butadiene ethylene cvclohexene 


(b)  Cyclohexene. the product from the reaction of ethylene and 1.3-butadiene in part (a). is not observed 
because 1,3-butadiene reacts with itself to give 4-vinylcyclohexene: 


Z7" CH «. HC 


HC CH CH CH 
i— S — d 
Сн; CH 
С 


+vinyicyclohexene 


(c) Using an excess of ethylene (many more equivalents relative to 1.3-butadiene) could favor the formation 
of cyclohexane. The chances of 1.3-butadiene colliding with a molecule of ethylene would become much 
higher. 


15.16 (а) Тһе dienophile can be oriented in two different ways relative to the diene. 
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HC. 2 Hs. 0:006 H.C CO,C;H. 
| = 
E CH; 
НС “э” Сн, HC 
| — 
NX н CO,C;Hs 


H^ COCH; 


(b) Asin part (2). two possible orientations of the diene and dienophile lead to the following two possible 
constitutional isomers: 


HC 


HaC 
CO;CH; 
ў and 


Сосн, 2 CO;CH; 
СОСН; 


15.17 Тһе Diels—Alder reaction requires that the diene assume ап s-cis conformation in the transition state. In this 
conformation, the (2E,4Z)-diene has a methyl-hydrogen van der Waals repulsion that is abseni in the (2E, AE)- 
diene. (This point was also used in the solution to Problem 15.3.) This repulsion raises the energy of the Diels- 
Alder transition state of this diene, and therefore reduces the rate of its reaction. Since the (2E, 4Z)-diene reacts 
much more slowly than the (2E, 4£)-diene. it follows that the (2£,4£)-diene is consumed in the reaction. and the 
(2E.AZ)-diene remains unreacted. 


H H H H 
"TERT "Tu 
H H H CH, 
smaller greater 
van der Waals repulsions van der Waals repulsions 
$-cis conformation of s-cis conformation of 
the 2F,4E diene the 25,47 diene 


15.18 The triene contains two diene units with one double bond common to both. The dienophile reacts with the diene 
unit that is lacked in an s-cis conformation. 


NC. „СМ Ms, 268 
NC., -CN NC. /ÀCN 
db: QM ES g / 
i-a 
NC CN NC CN 
tetracvanoethylene 
(TCNE) 


15.19 (a) The two acetoxy groups arc cis in the product because they are both outer substituents in the s-cis 
conformation. (The racemate is formed: only one enantiomer is shown below.) 
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OAc 
CO;CH; 


CO,CH; 


OAc 


(b) The two products correspond to the two possibilities in Eq. 15.15 on text p. 739. They result from 
addition of the diene at either of the two faces of the alkene (or the alkene at either of the two faces of the 


dicne). 
CH, CH; 
» OCH; р: 
| H CO;CH; 
H ОСН» 
| сосн, hu 
CH, CH; 
endo slereoisomers exo stereoisomers 


Notice that both stereoisomers result from syn-addition. In other words, there are two possible modes of 
syn-addition. 
(c) Тһе "inner" groups of the diene are “tied together" as the —CH.— group of the five-membered ring. 


СН» group of the diene 
P s 2 group 


CO;CH; 
fly 
15.20 (a) (c) 
OCH; CO;CH; Не „СМ 
H c E a 
ad + | CH; 
098 } CH; 
H H 
(b) (d) 
CH; 
a CHO „Сон; @; 2 US 
~ 
CH; du, (that is, the reaction of two 


1,3-cyclopentadiene molecules) 


15.21 (a) As shown by Eq. 15.15 on text p. 739, the endo diastercomer is the one in which the dienophile 
substituents (which. in this case, are the arms of the five-membered ring) are cis to the outer substituents 
when the diene is drawn in the s-cis conformation. 
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(b) 
15.22 
15.23 (a) 
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Here are the diagrams. Netice that the product is formed initially in a boatlike conformation tha: 
subsequently changes to its more stable conformation. Be sure to make models if you have diffizulty 
secing these relationships. 


"up" groups 


H 
н / H HN JO 
uc 7 нс 
(0) 
endo product 
“up” groups —. — 0 


exo product 


Use a method like the one in the solution to Problem 15.21: 


rin m 


malcic 
anhydride 


endo mt. 


The carbocation intermed:ate in the addition of НСІ has two sites of electron deficiency, either of which 
can undergo a Lewis acid-base association reaction with the chloride ion. 
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MH 


Ps, gems C — 


/ : * д 
HC—CH—CH-—CH, ——> |H,C—CH—CH—CH, «—» нё—сн=он-сњ| 


FEM | | 


d + 
H,C—=CH— CH— CH, * НС — CH— CH— CH; 
A B 


(b) Тһе products are a mixture of constitutionally isomeric ethers because the carbocation intermediate in the 
Syl reaction has two sites of electron deficiency that can react by a Lewis acid-base association reaction 
with the nucleophile ethanol. The details for the formation of 3-ethoxy-3-methylcvclohexene are shown 
below: you should provide the additional details of the curved-arrow mechanism for the formation of 3- 
cthoxy-]-methylcyclohexene. 


P une 
CH; CH; CH; _ НС — d нбс,н; 
He ___ 
[У стон" В 
б: -— 
:Cl: 
нӧс;н, 
| Ew 
CH dim Д =з 
3 [ 1) + HOCH, : 
“ in «9 


- 3-ethoxy-3-methyl- 
OC;H; cyclohexene 


3-ethoxy-1-methyl- 
cyclohexene 


11 is common (and useful) to show the derivation of different products by showing the 

N/ separate "reactions" of different resonance structures. Be sure you remember, however. that 
the resonance structures are different structures used to depict one species. Thus. in the 
structures above. the carbocation is one species that reacts in two different ways. ло a 
mixture of different species that undergo separate reactions. 


15.24 (a)  Anallylic carbocation intermediate undergoes a Lewis acid-base association reaction with bromide ion 
at the two sites of electron deficiency. 
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f 
:Br: M6 gl ®/ 


' 


CH,CH—CH —CH;— Br: + CH,CH—CH=CH, 
| 


+ OH, 


j Br: 


(b) This is an Syl reaction; the two products result respectively from the Lewis acid-base association 
reaction of water at the two electron-deficient carbons of the carbocation intermediate. ( Acetone is a co- 
solvent that helps to dissolve the alkyl chloride in the aqueous solution.) 


Ch ӧн, ӧн, 


r y 


(CH;),C—=CH—CH—CH, + — (CHj;C— CH—CH — CH, 
| а | 


H,0: ~~ Н H,0: м2 Н 


| j 


HO ËI + (CH;,C=CH—CH—CH, +  (CH),C—CH=CH—CH, 
ш | | 
НСІ in water *OH :OH 


15.25 (a) Тһе allyl anion has four 7 elecuons. Two occupy т). and two occupy т». 
(b) The negative charge is caused by the fourth electron, which occupies m+. Because 77 has a node through 
the central carbon, the negative charge is delocalized onto the terminal carbons. 
(c) Тһе resonance structures of the ally] anion give the same conclusion: the unshared electron pair (and thus 
the negative charge) is delocalized to the two terminal carbons. 


^ [x : 
ra ж» Н онсе 


allvi anion 


A 
Ww 
oN 


The two constitutional isomers result respectively from "norma!" addition (1,2-addition, product A) and 
conjugate addition (product B). The conjugate-addition product B is the major one at equilibrium because it has 
an internal double bond (that is, the double bond with the greater number of alkyl substituents). Although the 
stereochemistry of product B was not requested, it turns out that it is the trans isomer. 
H,C =CH —CH=C}#, + Br; —3 H;C—CH—CH-—CH; + В x 
| | 


1.3-butadiene Ü Br Br Br 


A B 


15.27 (a) Тһе two electrons that make up the pi bond are shown explicitly here to help you track their movement. 
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1,3-hutadicne styrene 


(c) Before each bond forming reaction, the radical is able to relax into the most stable isomer. The less stable 
cis-isomer will rotate along one of its bonds to become the more stable trans-isomer. as shown below. 
Once the a reaction happens with the next dicne, the stercochemistry of the trans-double bond is set. 


RO - RO 
RO. AZ ab» RÀ —— — 7v < >» TES 


more stable frans-isomer less stable cis-isomer 


(a) Тһе second structure is more important because it has an octet on every atom. 


(b) The second structure is more important because every atom has an octet: however. the first structure has 
some importance because it assigns positive charge to the more electropositive atom. carbon. 


x 
mE +> "Y 


(c) Тһе second structure is more important because it places electron deficiency (and positive charge) on the 
carbon with the greater number of alkyl substituents. 


[ierse снн, <—» (CH L CH=CH; 


(d) Тһе second structure has no importance whatever. because it is geometrically impossible: it requires a 
bond angie of 180° at nitrogen. (See Guideline 4. text p. 753.) 


| | 


Сн; CH; 


The electron-deficient carbon has an empty 2p orbital that overlaps with a filled 2p orbital on the oxygen. The 


other oxygen electron pair in an sp? orbital. 
Aa 
^W C—O Pd 


таб м" 
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15.30 (а) 


fi OCH, OCH; 


(b) Тһе dashed lines represent bonds in between a full double bond and a single bond. The partial positive 
charges are not necessarily equal, but they exit on all of the atoms that have a +1 formal charge in onc of 
the resonance structures in part (a). The resonance hybrid is a more accurate description of the electron 
distribution than any one of the resonance structures in part (a). 


15.31 (a) The ion on the right is more stable: i! has two important resonance structures (shown below): the one on 
the left has only the onc structure shown in the prohlem. 


ean б: 
~] v YES 
НС —C—CH — СН =—» H,C — С — CH — CH, 


(b) The radical on the left has three important resonance structures, whereas the radical on the right has two. 
The resonance structures for the more stable radical are shown here. (You should draw the resonance 
structure of the less stable radical.) In ihe more stable radical. the unpaired electron can be delocalized by 
both double bonds, whereas, in the less stable radical, the unpaired electron is delocalized by only one 
double bond. 


K«7N A №, 


15.22 According to Hammond's postulate (Sec. 4.8D of the text), the reaction that involves the more stable 
carbocation intermediate will be faster. The carbocation intermediate involved in the solvolysis of compound В 
is resonance-stabilized: the structures of this ion are shown below. The intermediate involved in the solvolysis 
of A is not resonance-stabilized. Hence. the ion derived from B is much more stable than the one derived from 
A, and the solvolysis of B is therefore much faster than the solvolysis of A. 


H^ CHCH; н Сиб 

\ \ / d s 

C=C — С—@ ce 
CH,CH H CH,CH H 


carbocation intermediate involved 
in the solvolysis of compound В 


15.33 (а) In the reactions below. HA is any acid that can protonate the anion. 


JH Ayr в 27 eS 


& . H oS” ae 
A: + HEN <= —N = = C —N 
С Кы HC ч H2 


à: б: o: 0: 
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Compound B in problem 15.32 can give two different constitutional isomers when reacting with water 
via an Syl reaction. The intermediate formed after solvolysis is shown in the solution to problem 15.32. 
The resonance-stabilized carbocation can react with water to form two isomers. (The "Н" notation 
means that the additional step that involves removal of a proton after water has added to the carbocation 
is not shown, but understood.) 


CH;CH; H CHCH; H CHCH, H CHCH; 
/ H,0 \ / \ / но \ 
«—— C=C «—» C— C+ ——»- С—С — OH 
N + А2) \ 4 \ T / N 
H à CHCH H CH4CH H CH3CH H 


Follow the procedure in Study Problem 15.4 on text p. 764. 


Step 1: Inscribe a regular pentagon within a circle of radius 28 with one vertex in the vertical position. 
(This is shown in the construction in the following step.) 


Step 2: Place an energy level at each vertex. This gives five energy levels for the five MOs. Notice that 
two of the antibonding МОХ, 7,* and 75", are degenerate (have the same energy), and two of the 
bonding MOs. т» anc ту. are also degenerate. 


—r- £,=E,=-2Bsin$4° -—1.628 


----- (Е. = 0) 


-Н— E= E =285іп 18° = 0.628 


7, 


Step 3: Calculate the energies as multiples of 8. Remember that the radius of the circle, and therefore Ej. 
is 2B. (Remember also that B is a negative number.) Some useful trigonometry is that the internal angle 
in a pentagon is 108°: the bisected internal angle is 54°; and, from the fact that the sum of the three 
angles of a triangle must be 180^, the angle between the lines that connect successive vertices to the 
center must be 72°. These angles are labeled in the construction. 


Step 4: Add the 7 electrons to the MOs. This anion contains 6 7 electrons distributed in three bonding 
MOs: two electrons in т. the MO at 2.08. and two electrons in cach of the two (degenerate) MOs. m 
and 7, at 0.628. The antibonding MOs 7,* and 7;* at —1.628 are unoccupied. 


The Frost circle construction for the cyclopropeny] cation is as follows: 
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15.35 


15.36 


15.37 


tA 
ә 
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— A М — E-E--sin30 = -1.008 
Ta / T 
| 
| == (E=0) 


This cation contains two т electrons, which both occupy the bonding MO ту. From Fig. 15.14, text p. 
744, the zr-electron energy of the allyl cation is 2(1.418) = 2.82 8. The energy of cyclopropenyl is 4.08. 
(Remember. 3 is a negative number.) The extra stahilization. 1.18, is the contribution of aromaticity. 
(This docs not take into account the destahilizing contribution of ring strain.) 


Such a compound contains 10 zelectrons and 10 MOs; 5 are bonding, and 5 are antibonding. One of the 
bonding т MOs lies at 2/3: one of the antibonding т MOs lies at 28. The four other honding МОХ are 
degenerate pairs—that is, ту = 75, and 74 = 7,—at energies < 0). and the four other antibonding MOs also lie in 
degenerate pairs at energies > 0. Because 10 is a 4л + 2 number, there are just enough т electrons to fully 
occupy the bonding MOs. 


Given that furan is aromatic. it can have 4л + 2 7-electrons (six electrons) if one of the electron pairs on oxygen 
is in a 2p orbital that is part of the zr-electron system of the ring. The other electron pair on oxygen is in an sp? 
orbital whose axis is in the plane of the ring. (The electronic structure of furan іх drawn in Fig. 26.2xr оп text p. 
1223xr.) 


An aromatic compound cannot have a single unpaired electron as part of its zr-electron system, because the 
number of z-electrons required for aromaticity, 4л + 2. must be an even number: a single unpaired electron 
would result in an odd number of electrons. 

However. a free radical could certainly be aromatic if the unpaired electron were not part of the z-electron 
system. An example is the phenyl radical, which could be formed conceptually by abstraction of a hydrogen 
atom from henzene: 


н. 22 | H 
H Б “н 
H 


phenyl radical 


However, in such a radical. the unpaired electron itself does not contribute to the aromatic stability because it is 
not part of the 4n + 2 7-clectron system. 


(a) Thiophene is aromatic. One electron pair on sulfur is part of the aromatic 7r-electron system; the other is 
not (as in the oxygen of furan: see the solution to Problem 15.36.) 

(b) This ion contains 4n, not 4 + 2,7 electrons, and is therefore not aromatic. 

(c) This ion is not aromatic because it is not a continuous cycle of 2p orbitals. The carbon at the botom has 
no p orbitals: it is a saturated carbon atom. 

(d)  lIsoxazole is aromatic. Each double bond contributes two electrons to the 7-electron system. One electron 
pair оп the oxygen is also part of the z-electran system, but the other electron pair on the oxygen is not. 
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15.41 
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(See the solution to Problem 15.36.) The electron pair on the nitrogen is vinylic and. like the electron pair 
in pyridine. it is not part of the 7r-electron system. 

(е) This ion is aromatic. Each double bond contributes two clectrons to the 7r-electron system. The cationic 
carbon bears an empty 2p orbital that contributes no electrons but is part of the 7-clectron system. One 
electron pair on the oxygen is part of the 7-electron system. and the other is not. as in furan (Problem 
15.36). 

(f) | This compound is not aromatic because it has 4л rather than 4л + 2 7 electrons. The empty p orbital on 
boron. although part of the 7-electron system, contributes no electrons. 


Because compounds A and B are antiaromatic. they distort as much as possible to avoid overlap of the p orbitals 
involved in the two double bonds. (See the discussion of cyclobutadiene Sec. 15.7E in the text.) The single 
bonds arc much longer than the double bonds, and the two types of carbon-carbon bonds arc not equivalent. 
Because the deuteriums hridge a double hond in A and a single bond in B. and because the two types of carbon- 
carbon bonds are different, A and B are different compounds and are therefore in principle capable of 
independent existence. In contrast. all carbon-carbon bonds in benzene are equivalent—each is half single 
bond. half double bond. Consequently. all molecules with deuteriums on adjacent positions are identical and 
indistinguishable. To summarize: 


D 


D D D D D D 
т uH | | | 
ne 
different molecules L 


the same molecule 
Compounds (b) and (f) contain 4n 7 electrons and are in principle antiaromatic. 


The positive enu of the acetylcholine ion would orient itself inside the barrel of the molecule, much like a ring 
sliding on a finger. The four faces of the benzene rings would point towards the positive charge, similar to the 
interaction shown in Fig. 15.20a on p. 775. 


Solutions to Additional Problems 


(a) Тһе structure on the right is somewhat more important because it is a tertiary free radical. whereas the 
structure on the left is a primary frce radical. 


HC. ARA HC 
САЯ <> 7 


CH; CH, 


(b) Тһе structures are identical: they are of equal importance. 


CeO). 


(c) Тһе middle structure is somewhat more important because the electronegative atom (oxygen) bears the 
negative charge and the double bonds are conjugated. 


cm „0: :0: 
liz b к, AR OS | a 
HC — C — CH — CH=CH, ж э НС — C = CH — CH —CH; a HC — C — CH= CH— CH; 
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(d) Тһе fourth and fifth structures are most important because they are aromatic and because they have the 


negative charge on the most electronegative atom. 


4 ji —35..8-— 
E 


(e) The first and second structures are both secondary carbocations. but the first and third structures have 
conjugated double bonds: in the third structure, the double bonds have the greatest number of alkyl 
substituents. АП structures are important; the first two structures have somewhat greater importance 


because of carbocation stability. 


= 


on ==, 


(f) Тһе second structure is somewhat more important because it places electron deficiency (and positive 
charge) on a secondary carbon. (The first and third structures are identical. although only one of the 
carbons is written out explicitly.) 


* 
T * <> Т) <> | 
SSH CH; * Do CH; „ә? CH; 


First, draw the structure of the starting material: 


ГА ч 
H CH=CH, 


(a) 
Y n HC H 
/ 
CH4CH — CH — CH=CH, + Pa = л +  CHYCHCH — CHCH;Br 
H CH — CH5Br Br 
| 
Вг (cis and trans) 
eee |.4-addition product 


I .2-addition products 


(b) Within each pair. the first product is derived from the more stable carbocation intermediate (why?), and 
is therefore likely to be formed in greater amount. Notice that one of the 1.2-addition products is 
identical to one of the 1.4-addition products—that is, this compound can be formed by either process. 


CH,CH—CHCHCH, + CH,CH,CHCH— CH, + CH,CHCH— CHCH, + CH,CH;CH— CHCHjBr 
| | | 


Вг Вг Вг 
(cis and trans) A 
ж ———  ———H——À (cis and trans) 


1.2-addition products 1 4-addition products 
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(c) CH,CH>CH.CH>CH, 


(d) Hydration follows the same pattern as HBr addition, notice that. as in part (b). one of the 1.2-addition 
products is identical to one of the |.4-addition products. 
i — 

CH,;CH=CHCHCH, + CH;CH;CHCH — CH; + CH;CHCH— CHCH, + CH;CH;CH— CHCH;OH 

| | 

OH OH OH 

(cis and trans) е ————————— 

—————M—————— (cis and trans) 

1,2-addition products 1,4-addition products 

(e) No reaction occurs. 
(f) A Diels—Alder reaction takes place, and the two possible adducts are formed. (Typically. the endo adduct 
predominates.) 
ње н O ње н 0 
, | 
D + О 
{ 
" о н 0 
endo exo 
15.44  1.3-Cyclohexadiene gives 3-bromocyclohexene by either 1.2- or 1.4-addition of HBr. 
НВг | 
(S | C » 
1 3-vyclohexadiene 3-hromocvclohexane 
15.45 (a) 


Since the perpendicular relationship is necessary for chirality of a cumulenc, allenes, as well as other 
cumulenes with an even number of cumulated double bonds, can be chiral. Indeed, 2,3-hepiadiene is а 


chiral allene, and therefore exists as a pair of enantiomers that can in principle be separated by an 
enantiomeric resolution. 


/ N 
HC. onc E 
070-6 с=с=с 


CH;CH;CH, CHCH,ÓH, 


CH 


“н 


enantiomeric 2.3-heptadienes 
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15.47 


15.48 
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(b) 


(а) 
(b) 


(c) 


(d) 


The answers to both (a) and (b) follow from the geometry of cumulenes. Each additional cumulated 
double bond results in a 90? twist of one end of a molecule with respect to the other. Thus, in alkenes, the 
atoms connected to the double bond are in the same plane: in allenes, the atoms connected to the ends of 
the cumulated double bonds are in perpendicular planes; in cumulenes with three contiguous dcuble 
bonds. the atoms attached to the terminal double bonds are in the same plane, as they are in alkenes. 
These can exist as E and Z stereoisomers, which are diastereomers: 


H H H CH,CH; 
E / N 
ee = a mA. 
НС CH;CH; H&C H 
Z isomer Е isomer 


the diastereomeric 2,3.4-heptatrienes 


This species contains six т electrons: two from the double bond. two from the anion, and two from the 
oxygen. Because 6 = 4n + 2 for n = 1, this species is aromatic. 

This radical has three 7 electrons: two from the double bond and one from the unpaired electron. It is 
therefore not aromatic. 

Each double and triple boad contributes a pair of 7 clectrons for a total of 18; therefore this compound is 
likely to be aromatic. Notice thal the second pair of 7 electrons in a triple bond is in a 7 orbital that is in 
the plane of the ring: therefore. only the electrons in the 7 orbital that is perpendicular to the plane of the 
ring contribute to the aromatic 7-eleciron system. 

This anion has ten 7 electrons: two from each of the four double bonds and two from the anionic carbon. 
It is likely to be aromatic. 


The species with 4n + 2 7 electrons are likely to be planar because the planar species are aromatic. Thus, 
iropylinm ion and eycloaciatetraenyl dianian are planar species Oxepin. with eight т electrons, avoids 
planarity and. like cyclooctatetraene. thus avoids antiaromaticity. 


Severe van der Waals repulsions between the inner hydrogens (shown in the following structure) force the 
compound out of planarity. Thes? van der Waals repulsions аге so great in the planar conformation that not 
even aromaticity can compensate for the resulting destabilization. 


Remember that increasing heat of formations correspond to decreasing stabilities. 


(a) 


(b) 


(c) 


Heats of formation: | < 2« 4 << 3. Reasons: Compound (1) is more stable than compound (2) because а 
molecule with conjugated double bonds is more stable than an isomer with isolated double bonds. 
Compound (2) is more stable than compound (4) because trans alkenes are more stable than cis alkenes. 
Compound (3) is lcast stable because an allene is the least stable type of diene. 

Heats of formation: 3 < | < 2. Reasons: Compound (3) is most stable because it is aromatic. Compound 
(1) is more stable than compound (2) because conjugated alkenes are more stable than isomeric alkynes. 
Heats of formation: 2 < 3< 1. Reasons: Compound (2) is most stable because it is aromatic. Compound 
(1) is least stable because molecules with cumulated double bonds are less stable than isomeric 
molecules with conjugated double bonds. 


The principles are that conjugation increases the Ал, by 40-50 nm per double bond: each alkyl substituent 
increases A,,,, by 5 nm: and an s-cis conformation of the diene unit increases the Amas and decreases the 
absorption intensity relative to that of an analogous s-trans diene. 
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(a) — L.4-Cyclohexadiene is not conjugated and therefore has no UV absorption in the useful region of the 
spectrum: 1,3-cyclohexadienc. an s-cis diene, has absorption at 256 nm (see text page 725). The 
compound with the UV spectrum is therefore the 1.3-dienc. 


P € A ~~ 
{ | 
CT ge 
1 A-hexadiene ].3-hexadiene 
has no UV spectrum conjugated; has a UV spectrum 


(b) The first compound has three alkyl substituents on conjugated double bonds: the second compound has 
two. Hence, the Aq, of the first compound should be about 5 nm greater than the A,,,, of the second. 

(c) Тһе second compound has four alkyl substituents on conjugated double bonds; the first compound has 
two. The CH; group of the ring counts as a substituent on both double bonds.) Hence, the Ama, of the 
second compound should be about 10 nm greater than the Aja, of the first. 

(d) Тһе first compound has three conjugated double bonds. whereas the second compound has two; one 
double bond is not conjugated with the other two, Hence, the first compound should have a considerably 
greater А „ах than the second. 

(e) X Although the first compound is shown in the s-trans conformation, it doesn't exist in that conformation 
because of severe var der Waals repulsions between the fert-buty! groups. It can avoid these repulsions 
by internally rotating into its s-cis conformation. Although the s-cis conformation has a repulsion 
between the inner hydrogen and a tert-butyl group. this is much less severe than the repulsions between 
two tfert-butyl groups in the s-trans conformation. Nevertheless, it is likely that the s-cis conformation 
will be distorted from planarity to relieve this repulsion. This will significantly lower the intensity of its 
UV absorption. 


| | 
КК" „үсү » 
(CH3)3C C(CHs)3 (CH34C CH; 
s-trans conformation s-cis conformation 


The s-trans conformation of the second diene. however, is more stable than the s-cis conformation; there- 
fore. the second dience exists mostly in its s-trans conformation. Because s-cis dienes have considerably 
greater Аа values than related s-trans dienes, the spectrum of the first diene should have a greater Ал, 
valuc, but a much lower intensity. than the spectrum of the second diene. 


Compounds 8 and C are highly conjugated. and would thus absorb in the UV-A and UV-B range and could be 
used as sunscreens. Compound A contains only a single benzene ring and would not be an effective sunscreen 
because it would absorb at a smaller wavelength. 
First, use Beer's law to determine the concentration of the diene: 

A = 0.356 absorbance units = ecl = (10.750) absorbance units L mol ! em! (c)(1.0 cm) 


from which we calculate c = 3.31 x 10% mol L”. 

Since the entire sample was diluted to one liter, the entire sample contains 3.31 x 107 mole of isoprene. 
(Any hydrogenation product lacks conjugated double bonds and does not have UV absorption.) The amount of 
isoprene present is 


(1.00 LY3.31 x 10-5 mol L^ (68.12 р mol!) = 2.25 x 107 g = 2.25 mg 


Because the mass of the entire sample is 75 mg. the mass percent of isoprene is 100(2.25 mg/75.0 mg) = 3.00%. 
That is. 3% by mass of the isolated material is unreacted isoprene. 
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The dissociation constant for 4-methylquinoline with molecule A is 5.66 x 10^ (or 56.6 x 10°. for 
comparative purposes). This is a larger dissociation constant. meaning that at equilibrium there is a larger 
proportion of the dissociated species (molecule A and 4-methylquinoline) than there is of the complexed 
pair. relative to N-methylquinolinium ion and molecule A and its complexed pair. Restated. N- 
methylquinolinium ien binds more strongly ta molecule A than N-methylquinoline. 

(b) Since N-methylquinolium ion is positively charged. it is attracted to the aromatic rings of the barrel- 
shaped molecule А more strongly than neutral 4-methylquinoline. 

(c) In addition to the pi-cation interaction described in part (h), there are also electrostatic attractions 
between the negatively charged molecule B and the positively charged N-methylquinolium ion. 


In order for a diene to react in a Diels-Alder reaction, it must be able to assume an s-cis conformation in the 
transition statc. 


van der Waals repulsions ane 
much more severe when К = tert-butyl 


than when R = Н 
R CS 
| | 


When R = tert-butyl. the van der Waals repulsions in the s-cis conformation are much more severe than when 
К = methyl. Consequently. when R = tert-butyl. the transition state of any Dicls-Alder reaction is destabilized 
by these van der Waals repulsions to a greater extent than when R = methyl. Evidently, the destabilization is so 
great that the Diels-Alder reaction with maleic anhydride does not occur at all when К = tert-butyl. 


The analysis in Eqs. 15 10a-b on text р. 737 shows that the к-сі conformations of dienes with cis double bonds 
are destabilized by van der Waals repulsions. whereas the s-cis conformations of dienes with trans double bonds 
do not suffer the same repulsions. 


H H H H 
N / N if, 
FS PUR 
H— —H R—C —R 
N РА \ / 
R R H H 


s-cis conformation 


van der Waals of an all-trans diene 


repulsions 


s-cis conformation 
of an all-cis diene 


These van der Waals repulsions also destabilize the transition states of Diels-Alder reactions, which require s- 
cis conformations of the reacting dienes. Because the diene in the problem undergoes the Diels-Alder reaction 
under mild conditions. it is probably the all-trans diene. 


The product of such a Diels-Alder reaction would be most interesting: 


0 
H 
HC o 
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This is a cyclic triene containing three cumulated double bonds within the ring. Such an adduct could never 
form. because the requirement fer linear geometry in the cumulated double bonds of the product would result in 
a compound with immense angle strain. A related explanation is that the 2p orbitals of malcic anhydride and 
those of the alkyne must overlap as shawn in Figure 15.13 on text p. 736. Because the alkyne is constrained to 
linear geometry, the transition state for such a reaction would either be very strained (if the alkyne units were 
bent) or would contain extremely poor electronic overlap (if the alkyne units remained linear). 


15.64 The answer to this problem lies in the s-cis conformations of the three dienes, which are as follows: 


H H H H H H 
X p * j \ / 
С—С С—С C —G 
4 Y / \ 4 $ 
HHC H HC H H 
4-methyl-1.3-pentadiene ру С ш (Z)-1.3-pentadiene (£)-1.3-pentadiene 
s-cis conformation identical van der Waals s-cis conformation s-cis conformation 
repulsions 


The reactivities of these three dienes in the Diels-Alder reactions correlates nicely with the accessibility of their 
s-cis conformations. (Remember, the transition state of the Diels—Alder reaction involves the s-cis conformation 
of the diene.) The van der Waals repulsions shown above destabilize the s-cis conformations of both 4-methyl- 
1,3-pentadiene and (Z)-1.3-pentadiene to the same extent because the interacting groups are identical. Hence, 
their reactivity is reduced by about the same amount relative to that of (E)-1.3-pentadiene. whose s-cis 
conformation has no such repulsions. 


15.65 (а) First, draw the structures of the two carbocations that would be produced by the alternative modes of 
protonation: 


С. 1 protonanion 


H;C—C—CH=CH, Br 


| 
TUE ^ 
H,C=C—CH=CH, + HBr -X A 


| 
CH; C-4 protonation * 
EE eise i RE нс=©—ён—сн, Br 


CH, 
B 


Although both carbocations are allylic. carbocation A has a tertiary carbocation resonance structure. 
shown above. while neither resonance form of carbocation В is tertiary. Hence. carbocation A. from 
protonation al carbon-1, is the more stable carbocation. 

(b) Because carbocation A is the more stable ion, it is the carbocation intermediate involved in HBr addition, 
and the products are thus derived from it. The two products come from the Lewis acid-base association 
reaction of bromide ion with the (elecuwon-deficient) carbons thal bear positive charge. which we deduce 
from the resonance structures of the ion. 


p- ч Вг —————= :Br: :Br: 


Td à ~, | | 
H3C— C — CH = CH; 5—8 HjC—C —CH — CH, — d H4C— C — CH — CH; * HC —C—CH — CH; 
| | | | 
CH, CH, CH, CH, 


resonance structures of carbocation А 1,2-addition product ].4-addition product 
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(c) — Protonation at carbon-] of rrans-1.3.5-hexatriene gives the carbocation with the greatest number of 
resonance structures. (Verify this point by examining the carbocations obtained from protonation at other 


carbons.) 
ү 1 
pr dr ДН, а 
2 | | protonation at C- 
H H 
H H H H H H 
| | | | | | 
me eA eA ^ ж» не Мс ҮС ae не “с “с * | вг 
| | | | | | 
H H H H H H 


The three possible products are derived from the Lewis acid-base association reaction of Вг at the 
positively charged carbons. 


(d) Тһе kinetically controlled product is the |.2-addition product in each case; this is labeled explicitly in 
part (Б). and is compound A in part (c). The reason is given in the text; the 1,2-product results from 
collapse of the initially formed ion pair ut the nearest site of positive charge. (See Eq. 15.27 on text p. 
747.) In part (b). the thermodynamically controlled product is the 1.4-addition product, because it 
contains the double bond with the greater number of branches. The thermodynamically controlled 
praduct in part (c) is compound C. а |.6-additian product, because it derives special stability from the 
conjugated arrangement of its double bonds and the greater amount of alkyl substitution at the double 
bond (relative to A). 


15.66 (а) The 1.2- and 1.4-addition products formed in the reaction of 1.3-pentadiene and HCI arc identical if we 
assume that all double bonds retain their £ stereochemistry. 
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(b) 


(c) 


(a) 


(b) 


(c) 


H;C—CH—CH— CH— CH; HjC— CH— CH—CH— CH; 
| | | 
H СІ (1.2-addition) H СІ (l.4-addition) 
H;C—CH—CH=CH— CH; НС CH=CH—CH— CH; 

| | 

Cl Cl 


There can be no preference for 1.2- versus 1,4-addition on the basis of the product stability. because, as 
shown in part (a). the products are the same. The problem is that we can't tell one mode of addition from 
the other! The use of D—C], however, solves this problem. The use of deuterium allows us to distinguish 
between the hydrogen tha: has added and the ones that were originally in the diene. 


HjC—CH—CH— CH— CH; H,C— CH— CH—CH— CH; 

I d 

| | 

D CI (12-addition) D СІ (L.4-addition) 
H;C— CH—CH=CH— СН; H;C— CH—CH— CH— CH; 

| | | | 

D C D С 


The two products are different. The isotope has a negligible effect on product stability. 


According to the text. the product of |,2-addition is preferred. and it is shown in the solution to part (b). 
In fact, this result was observed experimentally. The actual ratio is about 70:30 in favor of 1,2-addition. 
(How would we tell one product from the other?) This experiment, reported in 1979 by J. E. Nordlander 
of Case Western Reserve University, established clearly that product stahility has nothing to do with the 
kinetic preference. The arguments in the text are the only reasonable alternative. 


Unless the reaction is allowed to run for a very long time. this is a kinetically controlled reaction, 
because the ratio of the two products is different from the ratio at equilibrium. 

Compound C has a double bond with four substituents: compound В has a double bond with three 
substituents. Because substitution at the double bond enhances alkene stability, C is more stable and 
hence would be favored at equilibrium. 

The reaction occurs through the following carbocation intermediate by a typical ЕТІ process (see Sec. 
10.2). 


abstraction of c 
either proton by OTs // n 


gives product В / нл CH 
/ NAAN 
(Ho N ) `H abstraction of only 


this proton by OTs 

gives product В 
The formation of the product involves loss of a proton from this intermediate. Alkene В can form in two 
ways, namely, by abstraction of either one of two protons. Alkene C can form in only one way. Hence, 
the formation of alkene B is favored on statistical grounds. lt is interesting that, in Fig. P15.67. the ratio 
of products at zero time is indeed about 2:1. 
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15.68 (а) Тһе transformations involved in the reaction between 1,3-cyclopentadiene and maleic anhydride: 


о 
fast Н 
GER Ж. – / HO endo product 
heat 
о 


1,3-cyclopentadiene nada 


A о 
anhydride Ew F4 0 


(b) Because the initially formed product distribution is markedly different from the equilibrium distribution. 


the reaction is kinetically controlled. 
(c) At low temperature, the formation of product is kinetically controlled. The problem tells us that the endo 
stereoisomer is the major one formed. The transition state for this process is shown on the left side of the 


following diagram. The transition state for the other process is shown at right. 


о 


endo product exo product 
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It has been suggested that kinetic control in the Diels-Alder reaction 15 due to "maximum 
accumulation of unsaturation." or "secondary orbital interactions." You can see that in only the 
endo transition state. the 2p orbitals of the anhydride carbonyl groups and some of the 2p 
orbitals of the diene unit are "face-to-face." 


[e] 
Л 
H 
H о 
H 
secondary orbital interactions not present 
(endo transition state) (exo transition state) 


The interaction between these orbitals evidently stabilizes the transition state. The endo product 
is formed almost exclusively. However, when the two products are allowed to come to 
equilibrium. there is little difference in their stabilities. 


15.69 (a) Product A is the kinetic product because it is formed more rapidly. 
(b) Тһе relative stabilities of ihe two products сап be deduced from their chair conformations. The 1.3- 
diaxial interactions of the axial bromines with the axial methyl group (on the top) and the axial hydrogen 
(on the bottom) cause compound A to be less stable. 


CH; CH; Br CH; 
hs + Br 
Br 
H H Br H 


А В 
(formed in very small amount (the major stereoisomer 
at equilibrium) at equilibrium) 


(c) Two possible bromonium ions can be formed. which we'll call X and Y. 
CH; 
Br; 
——— 


The carbons are numbered for reference. We'll come back later to the issue of which is preferred. 

Here's the key point: The nucleophilic reaction of Вг with the bromonium ion must result in a 
product conformation in which the two Br atoms are anti! This is a consequence of the geometry of 
backside substitution. Such a conformation can be reached by the reaction of Вг at either carbon-3 or 
carbon-4 in each of the bromonium ions. We now analyze each of these reaction modes in turn. Backside 
substitution of Br at carbon-3 of X gives a bout conformation of compound B. This conformation can 
then relax to B itself. 
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CH, 


Br 
Br 


H 
B 


As the nucleophilic reaction occurs, carbon-3 swings down and the three groups bound to it swing up— 
inversion of configuration. If you have trouble seeing why this reaction should generate a boat. look at 
the reverse reaction. Start with compound В and imagine formation of a bromonium ion from 8 by the 
reverse reaction. To form this ion, the two hromines must achieve an anti conformation—that is, a 
dihedral angle of 180°. (Just run this backwards to see this.) Only by forming a boat can backside 
substitution occur in the reverse direction: therefore, its also the only way backside substitution can 
occur in the forward direction. The forward and reverse of a reaction must occur by the same 
mechanism! (Principle of microscopic reversibility; text p. 175.) 

The nucleophilic reaction of Вг at carbon-4 of ion X, however, gives the required anti arrangement 
of the two bromines in a chair conformation: 


CH; Br 


H Br 
A 


This gives compound A directly. Therefore. bromonium ion X is faced with two non-optimal choices: it 
can open to give a boat, or it can open to give the diaxial form В. Because boats have a very high energy. 
the latter option is the least energetic alternative and is therefore the ane observed. 

Now let's consider ion Y in the same way. The analysis is the same, except that the reaction of Br 
at carbon-4 gives a boat conformation of B. and reaction of Br ut carbon-3 gives A. Here's the reaction 
at carbon-4 to give а boat: 


Y another boat bonformation of 8 


(We leave it to you to show the reaction of Вг at carbon-3, which gives isomer A in the chair 
conformation.) Therefore ion Y is faced with the same two nanoptimal choices as ion X, and the result is 
the same. In other words, the less stable product is formed more rapidly. The more stable product is 
formed slowly hecause of the high-energy boat intermediate required. 

Thus, the relative stability of the two ions X and Y is irrelevant. Y might be a little more stable 
because it avoids the 1.3-diaxial interaction with the methyl group. But the outcome is the same no 
matter which ion forms. In other words, the outcome is determined by the relative rates of the two 
product-determining steps in the reaction of either bromonium ion. 
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(d) Either bromonium ion X or bromonium ion Y can form from compound A; this process is merelv the 
reverse of the formation of the dibromides from the bromonium ion. 


We've shown previously how bromide can react with either of these bromonium ions to give the more 
stable product via boat conformations. Although these reactions occur slowly. once they occur, ihey form 
the more stable product, thus providing a route to bring the two compounds into equilibrium. 


15.70 Given that the addition occurs to the triple bond, the addition should occur regiospecifically to give the product 
in which the chlorine ends up on the internal carbon of the triple bond. 


C 
| 
HC=C— CH=CH, + HCl —> H,C=C— CH=CH, 


vinylacetylene chloroprene 

(1 -buten-3-yne) 
То deduce the structure of neoprene, follow the pattern for 1.4-addition polymerization shown in the solution to 
problem 15.27 in this manual. and Sec. 5.7 in thc text. 


е 
(ч РРА 


neoprene 
15.71 Assume that A and В are 1,2- and 1,4-addition products. 


осн CH GR, tae Hj —CH —CH—CH, + ссн, —Сн= сн —0 


| 
cl CI 1,4-addition product 


|,2-addition product 


Which is A and which is В? And what is the stereochemistry of the 1,4-addition product? To answer these 
questions. note that further addition of Cl; to each gives a 1.2,3.4-tetrachlorohutane. Assume that addition of Cl; 
is an anti-addition. Because the 1,4-addition product has two stereocenters. azti-addition of Cl: will give the 
meso tetrachloride if the alkene is trans. and will give the racemic tetrachloride if the alkene is cis. (If this point 
is not clear, review Sec. 7.8C.) Because compound В gives a single tetrachloride C with meso stereochemistry, 
it follows, then, that the 1.4-addition product is compound B. and that it has trans stereochemistry. The 1,2- 
addition product, then, is compound A. Addition of Cl, to compound A gives both diastereomers of the 
tetrachloride. To summarize: 
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q H " CI a 
ch ў 
—CH— CH= З CICH Ж. CICH, фм. CCH — 5%. 
МИ t E жа "se" “tye * ^ Gn COME t pA 77 
4 
я СІ H СІ cl H 
3.4-dichloro-I-butene meso-1,2.5,4-tetrachlorobutanc FX 
compound А compound C (£)-1.2.3.4-tetrachlorobutzne 
compound D 
le 
H CH;CI 
с=с 
/ \ 
CICH; H 
compound В 


15.72 Reaction of KH with cyclopentadiene forms the potassium salt of the cyclopentadienyl anion (structure X 
below) plus dihydrogen, Н. In this anion. all carbons. except for the isotope, are equivalent by resonance. The 
isotope makes no detectable difference in the relative importance of the resonance contributors—tnat is, except 
for the position of the isotope. all resonance contributors are identical. Hence, protonation of this anion by Н.О 
occurs at each carbon with equal (2066) probability. Protonation at carbons 2 and 5 gives the same product: and 
protonation at carbons 3 and 4 gives the same product. Hence. each of these products is obtained in (2 x 20%) = 


40% yield. 
3 4 $6 ә 
BE 8, Ре: ©) Q ' 
2 5 — <> <> <>» : <> 2 K 
th . . * * * 
Is 
нн -= - H H H 


н н 


from proton at— C-1 C-2 and C-5 C-3 and C4 

15.73  Borazole is very stable because it is aromatic: each nitrogen contributes two 7 electrons and each boron 
contributes zero electrons. for a total of six 7 electrons in the aromatic system. The resemblance of borazolc to 
benzene is more obvious from its other two resonance structures: 


н н 
мун чен крл 
í А? я>» _ ре; | «— | E 
неце ен ш А an Ga 
H H H 


15.74 The conjugate-base anions of both compounds are aromatic. However. pyrrole itself is aromatic, whereas 1,3- 
cyclopentadiene is not. Therefore upon ionization. 1.3-cyclopentadiene gains aromaticity, whereas pyrrole does 
not. An amine is typically 23 pX, units more acidic (32 versus 55) than an alkane: the gain of aromaticity in the 
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ionization of the hydrocarbon makes it 2 pK, units more acidic than the amine. The net difference of 25 pK, 
units corresponds to (2.3R7)(ApX,) = 5.71 х 25 = 143 kJ mol ' for the gain of aromaticity. (See Eq. 3.34. text p. 
110.) This energetic advantage of aromaticity is remarkably similar to the resonance energy of benzene (Sec. 
15.7C of the text). 


15.75 (a) Тһе conjugate-base enolate ion is stabilized by the polar (electron-withdrawing) effect of the nearby 
carbonyl bond dipole as well as by resonance: 


favorable 
electrostatic ie 
me AL t3 O 
= V z^ ў / 
НС — e HC — C HC = c 
R R R 


resonance stabilization of the ion 


Recall (Sec. 3.6. text p. 116) that stabilization of a conjugate base increases the acidity of its conjugate 
acid. 

(b) While the ionization of the molecule at either position would benefit from the polar effect of the nearby 
carbonyl group. only the conjugate-base enolate ion resulting from the ionization of hydrogen H^ would 
be enhanced by the resonance effect. The enolate ion resulting from the ionization of H“ is not stabilized 
by resonance, because resonance is geometrically impossible. The orbital interaction required for 
resonance interaction requires an impossible twisting of the molecule. (Guideline 4, text p. 753.) To put 
it another way. the resonance structure violates Bredt s rule: 


violates Bredt's rule 


the conjugate-base anion 
from the loss of proton Н“ 


Therefore, the ionization of Н? would have the lower pKa: that is. H" is more acidic. 


15.76 Compound A should react much more rapidly because the carbocation intermediate (shown below) has three 
important resonance contributors. In particular, an unshared pair of electrons on the oxygen can Бе delocalized 
in this cation: in the solvolysis of the other compound. the unshared pairs on oxygen have no resonance 
interaction with the positive charge in the carbocation. 


ox ~ + UEN * * - | 
[ cà — CH=CH сн, я>» сњо — CH— CH= CH, <> CH4Q — CH — CH= CH; :Q 
carbocation intermediate involved in the solvolysis of 4 


By Hammond's postulate. the reaction involving the more stable carbocation intermediate is faster. 


15.77 (a) Тһе carbocation is stabilized through resonance by delocalizing the charge through the aromatic ring: 
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H H H 
CL CH, 6 CH, ^ $ „ОН; 
(Т po «— [J'Y — or ее 
| н н 
| | 
ed „Сен DAR C. att 
+ Ц + I 


(b)  Thetwo products below are the only two formed that keep the aromatic ring intact. 


OH 
+ 


these are the only two products formed 


Any other product would not be aromatic and would be much less stable. 


H H H 


он | | | 
O3 20H, C. 20% С... д0, 
p* Jr IT 
H HO H OH 


these products аге not formed 


=—0 


(c) Тһе first product shown in part (b) is more highly conjugated than the second, and thus would absorb at a 
longer wavelength in the UV spectrum. 


(d)  Isomer A. below. would give the same set of resonance stabilized carbocation intermediates. shown in 
part (а). as rrans-cinnamyl chloride. 


Cl 


A 


15.78 Тһе carbocation intermediate in the Sy1 solvolysis of compound А is resonance-stabilized, but the carbocation 
intermediate in the solvolysis of compound B is not. Because the relative energies of transition states reflect the 
relative energies of the corresponding carbocation intermediates (Hammond's postulate), the solvolysis of A. 
which gives the more stable carbocation. is faster. 


GPL SE LS В BES NS Я POOLE г Ж 
iir o АА у* +7 SSS | Br ` Br 
carbocation intermediate in the carbocation intermediate in the 
solvolysis of compound А solvolysis af compound В 


If compound C gives a doubly allylic carbocation. why should it be solvolytically inert? The answer is that the 
cation has a continuous cycle of 7 electrons. Because this cation contains 4л (n = 1) 7 electrons. it is 
antiaromatic and therefore very unstable. In fact. it is so unstable that it does not form. 
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3 (Ук 


ES 


Br 


antiaromatic 
and unstable 


15.79 This compound behaves like a salt because it is a salt. Tropylium bromide ionizes readily to bromide ion and 
the rropylium cation, which, because it has a continuous cycle of six (ди + 2, n = 1) z electrons. is aromatic, 
very stable, and very easily formed. 


:Br: 
e , 


—- С) :Br: 


trupillium bromide tropillium cation. 
aromatic and stable 


15.80 (a) Тһе triple bond hydrogenates. but the phenyl rings resist hydrogenation because they have aromatic 
character. The product of syn-addition is the cis alkene. 


Ph Ph 
\ / 
с=с 

/ 
H H 


cis-stilbene 
(cis-1,2-diphenylethylene) 


(b) This is an ordinary Diels-Alder reaction: because the diene is cyclic, a bicyclic product is formed. Two 
diastereomers are possible. (Each is formed as the racemate, only ane enantiomer of which is shown 


belaw.) 
О О 
H 
CD , Labo 
H 
H 


endo exo 


(c) Ты is a Diels-Alder reaction with the alkyne as the dienophile. The phenyl rings are cis because. in the 
s-cis conformation of ће diene. they are both "outer" groups. (See text Eqs. 15.12a-b. text p. 738.) 


Ph i 
“осн; 
OCH: 

hm 
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(d) Тһе conjugated-diene part of the triene undergoes a Diels-Alder reaction with a double bond of the 
benzoquinone. Because there are two double bonds in the quinone, a second Diels—Alder reaction also 
occurs. Two constitutional isomers result from the second addition because the diene can add in two 
different orientations. 


о сн; CH о CH, о CH 


НС =C=CH—CH=CH; 


(second Diels—Alder reaction) 


O 0 CH, 0 
product of first 
Diels-Alder reaction 


Moreover, each of these constitutional isomers can exist as two diastereomers: 


(Which of these are chiral and can therefore exist as enantiomers. and which are meso compounds?) 


(e) The maleic anhydride reacts with the diene unit that is "locked" into an s-cis conformation. The diaster- 
comer of the product is formed that results from addition to the face of the steroid opposite to the angular 
methyl groups, which block the B-face of the molecule. (See Sec. 7.6D of the text.) In this mode of 
addition, van der Waals repulsions between maleic anhydride and the angular methyl groups are avoided. 


(О Because the product has the same number of carbons as the starting material. the reaction is 
intramolecular. In fact, it is an intramolecular Diels-Alder reaction. 


CH; Я 
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The bridgehead double bond in this product does not violate BredUs rule (Sec. 7.6C) because 


=» it is part of a large ring. 


(g) Тһе product is mickelocene, the nickel analog of ferrocene. (Sce Eq. 15.49, text p. 769.) 


Ni? 


nickclocene 


15.81 Applying the reverse of the mechanism in Fig. P15.87(a) to the Dicls-Alder adduct in Fig. P15.87(b) to give 
1.3-diphenylisobenzofuran and а 8 leads to the conclusion that this dienophile must be cyclopennne. 


о-о. 


cyclopentyne 
1.3-diphenylisobenzofuran 


Cyclopentyne is formed by a B-elimination of MgBr; from the Grignard reagent formed from 1.2- 
dibromocyclopentene. Cyclopentyne is particularly unstable because it contains a triple bond in a small (five- 
membered) ring: the bond angles of the sp-hybridized carbons deviate severely from 180°. It helps to 
understand the elimination by thinking of the Grignard reagent as a carhanion: 


(s. C * Br 
B 
cyclopentyne 


Y —— 

MgBr 

(reacts with | .3-diphenyl- 
isobenzofuran) 


15.82 Follow the procedure used in solving Problem 15.81: mentally reverse the Diels-Alder reaction so that maleic 
anhydride is obtained: the other fragment obtained is ы" X, which thus has the following structure: 


О 
reverse — = а 
HO О Diels-Alder p Is-Alder Q + HO y 
SH Ф? 


s-cis conformation 
malcic s-trans conformation 


anhydride compound A 


The formation of X results from ionization of the starting chloride to a tertiary allylic carbocation A followed by 
ring opening of A to a secondary carbocation В, which is captured by the nucleophile water. (Why should the 
tertiary allylic carbocation A rearrange to a secondary carbocation B?) 
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+ 
— + НОН, :Cl 

:0H_ GIF OH 

li. it compound X 


15.83 Тһе structure of spiropentadiene is shown below; it undergoes a Diels-Alder reaction with two molar 
equivalents of 1,3-cyclopentadiene. Spiropentadiene ís unstable because of its great ring strain. Although 
cyclopropane rings are retained in the product. they contain less ring strain than cyclopropene rings. (Why?) 


t., 


, 22 spiropentadiene 


15.84 (a) Тһе mechanism below is shown beginning with the protonated alcohol. which is formed under the 
strongly acidic conditions. 


:Br: i (Ai „„_ (В) 
u :Вг: 


CH,;CH==CH—CH,— Br: + CH,CH—CH=CH; 
| 
A :Br: 
(b) This reaction involves a rearrangement of carbocation X/ to а more stable carbocation X2 followed by 


loss of a fi-proton from the rearranged ion. (Only the part of the molecule involved in the reaction is 
shown.) 


*H bn, 
“SCH, 


\ 


dextropimaric acid 
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CH, CH, 


CH; 
(Сев CH; CH; Ө 
<> —> + H— OH, 
X N о od М. | 
H* ӧн, 


X2 abietic acid 


(c) This is a reverse Diels-Alder reaction followed by another Diels-Alder reaction. 


О 
H > 
ae о EL o + | О 
T { 
О 1,3-cyclopentadiene о 
0 maleic anhydride 
О н О 
H3C 2 HaC 
ad -eR 
Hp Ent HC 
O но 
maleic anhydride tendo product) 


(d) Тһе product X is a Diels-Alder adduct between a-phellandrene and the alkyne: 


бой Hs H CH(CH;); 
CH(CH;); C CO;C;H; 
+ | — = j 
"e | H4C 


a-phellandrene СОСН; Y 
(Because the absolute configuration of a -phellandrene is not specified. it could be either of the two 
enantiomers, or the racemate. and the same 15 true of the Diels—Alder adduct X.) 

Compound X undergoes a reverse Diels-Alder in a different manner to lose 3-methyl-1-butene and 
the aromatic compound diethyl 4-methylphthalate. The driving force for this reaction is, first. the 
formation of a volatile product (the alkene), and. second, the aromatic stability of the ultimate product. 


H...|  CH(CH3); 
CO,C;Hs H~ e СНІСН;), CO;C;H; 
cu »» i; 
НС CO СН E HC НС CO;C;H; 
X телу Шево diethyl 4-methylphthalate 


15.85 (а) Тһе exocyclic double bond is protonated in the manner shown below because this process gives the more 
stable carbocation—the carbocation with the greatest number of resonance structures. (The strong acid is 
represented by H—X.) 
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Тэ CH; UI e Кы e 


HC CH, c. сн, 
X- 
H.C CH; z еа E: € S QE p а У 
che н, 
carbocation 4 


(b) The protons nearest the positive charge have the greatest chemical shifts. These follow from the 
resonance structures above. The assignment of the methyl protons at 6 2.82 is clear from their relative 


integral; this methyl is the only one nat equivalent to another methyl by symmetry. The two non-vinylic 
methyls have the smallest chemical shift. To summarize: 


8 1.54 
HC, Сн; 

62.63 H;C CH, 82.63 
62.36 ЊС CH; 5236 
CH; 

82.82 


(c) The signals coalesce when the temperature is raised because a chemical process takes place that makes 
the methyl groups equivalent over time. This reaction is nicknamed the "methyl walk." 


d e M Ch 


uc Ch 
CH; ы CH; 
Ria ap He C bs 196. 
нс CH; H.C CH; 
CH; 


Remember that benzene rings have resonance structures in which the double bonds are completely delocalized. 
Let's draw [4]phenylene using the other resonance structures for the benzene rings: 


15.86 
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This structure shows that, in effect, that |4]phenylene incorporates three cyclobutadiene rings. Because these аге 
antiaromatic, they are very unstable. What this means is that all of the benzene rings have no resonance 
stabilization. because when their 7 bonds are delocalized, cyclobutadienes result. 

Hydrogenation solves this problem. When the central benzene ring is hydrogenated. the z bonds in the 
remaining benzene rings can be delocalized. (Cyclobutenes, unlike cyclobutadienes. are not continuous cycles 
of p orbitals and are not antiaromauc.) In other words, hydrogenation of the central benzene ring is especially 
favorable because it is accompanied by restoration of the aromaticity of all three outer benzene rings. 
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The Chemistry of Benzene 
and Its Derivatives 


STUDY GUIDE LINKS 


LT 16.1 NMRofPara-Substituted Benzene Derivatives 


Be sure to rcalize that the NMR spectrum of a para-disubstituted benzene derivative shows the 
"two leaning doublet" pattern only when the two para substituents are different. When the substi- 
tuents are the same, all ring protons are equivalent. and the resonance for the ring protons is a 
singlet. 

The splitting pattern for para-disubstituted benzene derivatives is a little more subtle than 
might first appear, and can be rationalized as follows. Each ring proton has an ortho relationship to 
one nonequivalent proton and a para relationship to the other nonequivalent proton. Consider, for 
example, p-bromoethylbenzene, the structure of which is shown below, and the NMR spectrum of 
which is shown in Fig. 16.3 on text p. 796. In this structure, H^ is ortho to one Н? and para to the 
other Н, Actually, both ortho and para splittings are present, but the para splittings are typically 
very small and not readily discernible in the spectrum. The major splitting observed is the one 
between adjacent protons—about 8 Hz in Fig. 16.3, a value within the range for ortho splitting 
given in Table 16.1 on text p. 795. Thus, to a useful approximation, the resonance of each proton 
is split into a doublet by its neighboring ortho proton. Since there are two chemically different 
types of protons—H" and H’—the spectrum consists of two such doublets. 
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two equivalent protons H" give 
one resonance split into a doublet by 
the neighboring proton H^ 


Br 
H? H° 
H^ H? 
CHCH; 


two equivalent protons H^ give 
one resonance split into a doublet by 
the neighboring proton H^ 


LT 16.2 Different Sources of the Same Reactive Intermediate 


The example of Eq. 16.21a-h on text pp. 807-808 is a further illustration of an idea that has been 
discussed in an earlier chapter (see Study Guide Link 11.2): Different starting materials can serve 
as a source of the sume reactive intermediate. 

In the Fnedel-Crafts alkylation, the reactive intermediate is a carbocation. In this section of 
the text, you've learned that carbocation intermediates can be generated from alkyl halides and 
Lewis acids. But you've also learned that carbocations are formed when alkenes are subjected to 
strongly acidic conditions: 

D 


H—OSO:H H 130S0.H 
N / М.) 
с=с ——> as E 
/ \ / | 


carbocation intermediate 


The carbocation intermediates formed in such reactions can serve as electrophiles in electrophilic 
substitution just as carbocations gencrated in other ways can. Similarly, you've also learned that 
secondary and tertiary alcohols react with strong acids to generate carbocation intermediates (Sec. 
10.2). These carbocations are transformed into alkene dehydration products if the reaction 
conditions are designed to remove the alkene from the reaction mixture. But if the alkene is not 
removed. and an aromatic hydrocarbon is present, these carbocation intermediates from alcohol 
dehydration can also serve as electrophiles in aromatic substitution. Eqs. 16.15a-b on text p. 808 
illustrate this idea. 


16.3 Reaction Conditions and Reaction Rate 


What do we mean by "harsh" or "mild" reaction conditions? In electrophilic aromatic substitution, 
harsh conditions include high temperature. strong Lewis acids, high concentrations of reagents, 
and/or the use of reagents that generate high concentrations of electrophiles. Mild conditions 
include lower temperature, weaker Lewis acids (or no Lewis acids). and lower concentrations of 
reagents. 

Why is it that such conditions atfect reaction rate? Remember, to say that an aromatic 
compound is highly activated means that it reacts relatively rapidly under a given set of 
conditions. [f it is deactivated, it reacts much more slowly under the same conditions. Recall 
(Sec. 4.8B) that reaction rates increase with increasing temperature. Recall also, from your study 
of rate laws (Sec. 9.3B), that many reaction rates increase with increasing reagent concentration. 
Thus, raising the temperature or the reagent concentration, or using a reagent that generates a high 
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concentration of an electrophile. increases the reaction rate. Such strategies are necessary in order 
to get a highly deactivated (unreactive) compound to react at a convenient rate. However. use of 
harsh reaction conditions on a highly activated (reactive) compound in many cases leads to a 
greater degree of substitution than desired (or to other side reactions); hence. for highly activated 
compounds, milder conditions are used, such as weaker Lewis acids (or no Lewis acids), lower 
temperatures. or lower concentrations of reagents. 

The examples in the text illustrate in a practical sense what is meant by "harsh" or "mild" 
conditions. It is not important to memorize the exact conditions for each reaction. It is important 
for you to understand why certain compounds are more activated toward substitution than others, 
and to understand conceptually that the success of reaction can depend on the rational choice of 
reaction conditions. 


UUU REACTION REVIEW 


1. ELECTROPHILIC AROMATIC SUBSTITUTION REACTIONS OF BENZENE 


А. HALOGENATION OF BENZENE 
]. Benzene reacts with bromine in the presence of a Lewis acid catalyst (FeBr,) to yield a product in which 
onc bromine is substituted for a ring hydrogen. 


FeBr, 
Br + WE - "ZZ 


An analogous chlorination reaction using Cl; and FeCl, gives chlorobenzene. 


3. Halogenation of benzene differs from the halogenation of alkenes by the type of product obtained and the 
reaction conditions. 
a. Alkenes give addition products and react spontaneously under mild conditions. 
b. Benzene gives substitution products and requires a Lewis acid as well as relatively severe conditions. 
4. The mechanism of the bromination of benzene consists of the following steps: 
а. The first step is formation of a complex between Br; and the Lewis acid FeBr;. 


ЧИГ" дь." £ ¢ s 
Gy — Br: + Fen a> Å- -Fen 
i. This complexation makes one of the bromines a much better leaving group. 
ii. This complex of Br; and FeBr; reacts as if it contained the electron-deficient species :$r*. 
b. In the second step. this complex reacts with the zr electrons of the benzene ring. 


H 
+ 
= (x 


+ 


resonancc-stabilized 
carbocation intermediate 
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i, This step disrupts the aromaüc stabilization of the benzene ring (thus the need for the harsh 
conditions). 
ii. The carbocation intermediate forms only because it is resonance stabilized. 
с. The reaction is completed when a bromide ion acts as a base to remove the ring proton and give the 
products: by losing a 8-proton, the carbocation can form a stable aromatic compound. 


(ув $9. — (Des нф + ке, 
+ 


B. NITRATION OF BENZENE 

1. Benzene reacts. with concentrated nitric acid. usually in the presence of a sulfuric acid catalyst, to form 
nitrobenzene. 
In this reaction, called nitration. the nitro group, —МО›», is introduced into the benzene ring by electrophilic 
substitution: the electrophile is the nitronium ion, *NO>. 


кә 


HSO, + HNO; —» ^*NO,HSQ, + HO 


(ўз = (Сы Qm 
=” 


Н HSO; 


C. SULFONATION OF BENZENE 
1. Benzene reacts with a solution of sulfur trioxide in H;SO,. called fuming sulfuric acid. to form 
benzenesulfonic acid. 
2. In this reaction, called sulfonation, the sulfonic acid group, —SO,H, is introduced into the benzene ring hy 
electrophilic substitution: the electrophile is the neutral compound sulfur trioxide. 503. 


£^ № 
+ S—0:- 
H 
LL» а 
4 


S0; SO;H 
Су + HS0, === (ү + HSO; 


3. Sulfonic acids such as benzenesulfonic acid are rather strong acids. 
4. Sulfonation, unlike many electrophilic aromatic substitution reactions, is reversible; the sulfonic acid group 
is replaced by a hydrogen when sulfonic acids are heated with steam. 


<< эон 
or T H0 же» @ + Н,50, 


(steam) 


ч ' ten mal tæ uploaded t duwi at 9 р” МОЛ О!” e pu е! „аал а пч ты», plear vas 9 -'Luthinavtesi ысуу 


REACTION REVIEW - CHAPTER 16 475 


D. FRIEDEL-CRAFTS ALKYLATION OF BENZENE 


1. The reaction of an alkyl halide with benzene in the presence of a Lewis acid gives an alkylbenzene: this 
type of reaction is called Friedel-Crafts alkylation. 


— 1) ACh. 


2. The electrophile in a Friedel-Crafts reaction is formed by complexation of the Lewis acid AIC}; with the 


halogen of an alkyl halide. 

a. Either the alkyl halide-Lewis acid complex. or the carbocation derived from it, can serve as the 
electrophile in a Friedel-Crafts reaction. 

b. Rearrangements of alkyl groups are observed in some Friedel-Crafts alkylations if the carbocation 
intermediate is prone to rearrangement. 


eh c e “AICI, luc "AIC, 
H,C—CH—CH— CH, + ACh ——> HC—CH—ÓH—CH, —> H;C—C—CH,—CH, 


Gs “AICI, JN rd 
C 2 T HC С — CH; — CH; =e N Kx k + АС; + Hd 
— | 
CH, 


3. A catalytic amount (much less than one equivalent) of the AIC], catalyst can he used in this reaction. 
4. The alkylbenzene products are more reactive than benzene itself. 

a. The product can undergo further alkylation, and mixtures of products alkylated to different extents are 
observed. 

h А monoalkylation product can he obtained in gand yield if a large excess of the starting material is 
used; this strategy is practical only if the starting material is cheap. and if it can be readily separated 
from the product. 

5. Alkenes or alcohols with an acid catalyst can also be used as the alkylating agents in Friedel-Crafts 
alkylation reactions. 


H3C HC HSO; CH; 
^ ^ benzene | 
Qi ue + HSO, —- \ os — C 2-77 + H;S0, 
CH; 


Де HC 
6. Friedel-Crafts alkylation is generally not useful on compounds that are more deactivated than benzene 
itself. 


E. FRIEDEL-CRAFTS ACYLATION OF BENZENE 


1. When benzene reacts with an acid chloride in the presence of a Lewis acid catalyst such as aluminum 
trichloride, AIC]; a ketone is formed. 


О ап асу! group 
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a. This reaction is an example of a Friedel-Crafts acylation. 
b. An acyl group. typically derived from an acid chloride. is introduced into an aromatic ring in the 
presence of a Lewis acid catalyst. 


2. The electrophile in the Friedel-Crafts acylation reaction is a carbocation called an acylium ion. 


a. This ion is formed when the acid chloride reacts with the Lewis acid AICI;. 
ri 
* es * 
АС, == |R—C—Q0 -4— R—Cz0 “AICI 
Qu 3 | “ 4 
a 
R Cl an acylium jon 


b. The substitution occurs when the benzene 7 clectrons react with the acylium ion. and a proton is lost 
from the resulting carbocation intermediate. 


Her 
| 


[e 
+ | 
iti C—R P 
BS ——* н —»- C—R + н—@: + АС, 
С 
| + 


. The ketone product of the Friedel-Crafts acylation reacts with the Lewis acid catalyst to form 2 complex 


that is catalytically inactive: this has two consequences: 
a. Slightly more than one equivalent of the catalyst must be used: 
i. one equivalent to react with the product. 
ii. an additional catalytic amount to ensure the presence of catalyst throughout the reaction. 
b. The complex must be destroyed before the ketone product can be isolated: this is usually accomplished 
by pouring the reaction mixture into ice waler. 
Because the ketone products of acylation аге much less reactive than the benzene starting material. 
acylation occurs only once. 


. Friedel-Crafts acylation does not occur on a benzene ring substituted solely with one or more meta- 


directing groups. Thus, for example, nitrobenzene does not undergo Friedel-Crafts acylation. 


. The Friedel-Cratts acylation occurs intramolecularly when acylation results in the formation of a five- or 


six-membered ring. 


C о Р 
| 
NF 
A 1)АК! 
{т x + но 
M 2)H)0 


a. The intramolecular process is much faster than reaction with the acylium ion on the phenyl ring of 
another molecule. 


b. This type of reaction can only occur at an adjacent ortho position. 


. The Friedel-Crafts acylation reaction is important for two reasons. 


a. ltisan excellent method for the synthesis of aromatic ketones. 


b. It is another method for the formation of carbon-carbon bonds (see a partial list on text p. 810 or a 
complete list in Appendix VI. text page A-13xr). 


1. ADDITION REACTIONS OF BENZENE DERIVATIVES 


A. HYDROGENATION OF BENZENE DERIVATIVES 


Because of its aromatic stability. the benzene ring is resistant to conditions used to hydrogenate ordinary 
double bonds. 
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2. Aromatic rings can be hydrogenated under extreme conditions of temperature and/or pressure. 
3. Catalytic hydrogenation of benzene derivatives gives the corresponding cyclohexanes. and cannot be 
stopped at the cyclohexadiene or cyclohexene stages. 


CH, T" CH; 
high pressure 
CH; heat CH, 


4. Hydrogenation of the first double bond of benzene is an endothermic (thermodynamically unfavorable) 
reaction and requires energy (heat or pressure) to take place. 


5. Once hydrogenation of the first double bond has taken place, the aromatic character of the benzene ring is 
lost; consequently, hydrogenation of the remaining double bonds under the harsh reaction conditions is 
instantaneous. 


TABLE SG16.1 Electrophilic Aromatic Substitution Summary 


Electrophile Reaction Name Product 


* - 
CI — CI---- FeCl, chlorination chlorobenzene 


+ - 
Br — Br ---- FeBr, bromination bromobenzene 


SO; in H;SO, sulfonation benzenesulfonic acid 
*NO; nitration nitrobenzene 
R=C=0* "ACI, Friedel-Crafts acylation an aryl ketone 


R—Cl----AICl, of ВАСІ; Friedel-Crafts alkylation an alkylbenzene 
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SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


16.1 (a) m-chloroethylbenzene, or l-chloro-3-ethylbenzene 
(b)  o-diethylbenzene or 1,2-diethylbenzene 
(c)  p-nitrostyrene or }-nitro-4-vinylbenzene 
(d) 2,4-0ісҺогорһепао! 
(e) — 2-bromo-I-chloro-5-fluoro-4-iodo-3-nitrobenzene 
(f) | benzylbenzene or (phenylmethyl)benzene (also commonly called diphenylmethane) 


16.2 (a) (b) (c) 


OH 
CH; CH; 
ou , Cl 
Cl 


Cl 
m-nitrotoluenc 
p-chlorophenol 3-nitrotoluenc 3,4-dichlorotoluene 
(d) (e) (f) 
OCH, 
OH 
Br | CH, 
CH;CH;CH; 24 
methyl phenyl ether 
(anisole, or methoxy phenol) 0-cresol 
I-bromo-2-propylbenzene (2-methylphenol) 
(g) th) (1) 
Сн; CH,OCH, OCH; 
| кА 
Сн; benzyl methyl ether. ч 
p-xylene (methoxymethyi)benzenc 2,4,6-trichlorosnisole 


16.3 Add about 25 °С per carbon relative to toluene (110.6 "C; see text p. 792): 
(a)  ethylbenzene: 136 °C (actual: 136 °C) (c) p-xylene: 136 °C (actual: 138 °C) 
(b)  propylbenzene: 161 °C (actual: 159 °C) 


164 Тһе aromatic compound has NMR absorptions with greater chemical shift in each case because of the ring 
current (Fig. 16.1, text p. 794). 
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(a) 


(b) 


(a) 


(b) 


(a) 


(bl 


(a) 
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Because thiophene is aromatic. its NMR absorptions occur at greater chemical shift than those of divinyl 
sulfide. 

The chemical shift of the henzene protons is at considerably greater chemical shift because benzene is 
aromatic and !,4-cyclohexadiene is not. 


This hydrocarbon is a continuous cycle of 18 т electrons. Because all atoms are trigonal and all bond 
angles are 120°. this compound can be planar. It meets the 4r + 2 criterion for aromaticity for n = 4. 

The ring current brings about the expected increase in the local field at protons outside the ring, but, from 
Fig. 16.2 on text p. 794, it should have exactly the opposite effect on the protons inside the ring: These 
should experience a smaller local field. The resonance at 6 9.28 is that of the outer protons. and the 
resonance at (2.99) is that of the inner protons. Because the local field at the outer protons is so large. 
the resonance frequency. and thus the chemical shift, of these protons is large. Because the local field at 
the inner protons is so small. the resonance frequency, and thus the chemical shift, of these protons is 
small. The relative integral is in agreement with this assignment. 


Mesitylene should give an NMR spectrum containing only two singlets in the integral ratio 3:1 for the 
methyl groups and ring protons, respectively. p-Ethyltoluene should contain a methyl triplet at highest 
chemical shift (around 6 1.0), a methyl singlet at the next highest chemical shift (around 6 2.3). and a 
methylene quartet at somewhat greater chemical shift. There are two possibilities for its ring protons. The 
most general one is a typical para-substitution pattern (apparent pair of doublets) for the ring protons in 
the 6 6.5-7.5 region. However, because the methyl and ethyl groups аге so similar in their electronic 
characteristics. another possibility is that the nonequivalence of the ring protons is so slight as not to be 
apparent. In fact. this is the case: the ring protons arc a singlet. 


CH; 
CH; 
Ly 
2 
HC CH; CHCH ~~ 
mesitvlenc p-ethyltoluene 
two singlets in its NMR spectrum а methyl singlet, a methyl triplet, a methylene quartet, 


and aromatic absorption in its NMR specirum 


Among other features, the NMR spectrum of |-bromo-4-ethylbenzene has a typical ethyl quartet and a 
typical para-substitution pattern for the ring protons. as shown in Fig. 16.3, text p. 796. whereas the 
spectrum of (2-bromoethyl)benzene should show a pair of triplets for the methylene protons and a 
complex pattern for the ring protons. If this isn't enough to distinguish the two compounds, the integral 
of the ring protons relative to the integral of the remaining protons is different in the two compounds. 


ocu y- Br C \- CH4CH; — Br 


1-bromo-4-ethylbenzene (2-bromoethyl)benzene 


The signal for an exchangeable proton at 6 3.76 indicates that the compound contains an —OH group. lt 
also contains aromatic absorptions with a splitting pattern that suggests para substitution. The splitting 
patterns of the 6 1.27 and ё 4.60 resonances indicate the partial structure H4C—CH. and the chemical 
shift of the CH is consistent with its being a to both the ring and the OH group. The compound is 


OH 


| 
u-( )-b-o 


1 -(4- methylphenyl)ethanol 
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(b) The IR spectrum indicates the presence of an OH group. and the chemical shift of the broad NMR 
resonance (6 6.0) suggests that this could be a phenol. The splitting patterns of the 6 1.17 and 62.58 
resonances show that the compound also contains an ethyl group. and the splitting pattern of the ring 
protons shows that the compound is a para-disubstituted benzene derivative. The compound is 


p-ethylphenol. 
сноњ ў— Он 


p-eths Iphenol 
(4-cthyIphenol) 
16.8 The following two methyl ethers with the formula C7H,OC], would show five lines in their proton-decoupled 
"C NMR spectra. 
Cl C 
OCH; OCH; 
С! Cl 
1.3-dichlaro-2-methoxy benzene 1.3-dichloro-5-methoxy benzene 


16.9 Count the resonances. Mesitylene has three resonances; isopropylbenzene has six. 


HC 
CH; C 2- CH(CH3); 
НС isopropytbenzene 
mesitylene 


16.10 (a) The two benzene rings are conjugated in compound A; because there are more m bonds in conjugation. 
the UV absorption occurs at longer wavelength than it does in ethylbenzene. 

(tb) Compound B is like two connected molecules of compound С in the same sense that compound A is like 
two connected ethylbenzene molecules. It might seem that the absorption of compound В should occur at 
longer wavelength than that of compound C for the reason given in part (a). That this is лог the case 
means that the two rings in compound В are not conjugated. They are not conjugated because the rings 
are not coplanar; and they are not coplanar because the ortho methyl groups on the two rings have severe 
van der Waals repulsions that are relieved when the molecule adopts a nonplanar conformation: 

van der Waals repulsions 
between methyl groups | 
= van der Waals repulsions 
CHH:C cH are relieved 
H«C. 


Mo v x» 
N 


/ \ HC 
CH; HC CH3) van der Waals repulsions 
Д ; are relieved 
van der Waals repulsions 


between methyl groups 
planar conformation 


nonplanar conformation 
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16.11 Because styrene has a double bond in conjugation with the ring and ethylbenzene does not. styrene has a greater 
Aina, in its UV spectrum. 


16.12 Apply the steps shown іп Eqs. 16.6-16.7 on text рр. 800-801 to the para position of bromobenzene. 


16.13 The protonation of SO; by H;SO,: 


а ә oe + m 
о 0 H— 050;н о OH о — 
est Е a3 “25 Ss ^ :ÓSO.H 
[ | | f 
О о О 
The mechanism of sulfonation with the conjugate acid of SO; as the electrophile: 
OH 
: но 
OY OF — 
JAS 
ж 
07°50 


16.14 Apply the sulfonation mechanism shown in Eq. 16.13 on text p. 804 to the para position of toluene. Any of the 
resonance structures can be deprotonated by the base to regenerate aromaticity in the ring. Other resonance 
structures, not shown. exist with the negative charge delocalized on to each of the oxygens attached to the 


sulfur. 
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Oeo e MO 


= P 
| (from solvent) 


0 0 
D. i Ex WA 

н wo + -:680,H = = HC ype aps as 
0 0 


p-toluenesulfonic acid 
(p-TsOH) 


16.15 (a) As discussed in Study Guide Link 16.2, carbocations generated in a variety of ways can be used as 


electrophiles in Friedel-Crafts reactions. In this case, the carbocation produced by the protonation of 
cyclohexene is the electrophile 


eran 


HOS — H 


HO,S— ÖT HO,S — i 


"ron QU WVAOAL 


(b) The same product is obtained because the same carbocation electrophile is involved. It is generated from 
cyclohexanol by protonation and loss of water. The carbocation then reacts with benzene as in part (a). 


ү vem ra 
HOS —O—H HO RE) H0 DLL + + но 


—f- the same carbocation 
HOS — Q: electrophile involved 
in part (a) 


16.16 Тһе product is tert-butylbenzene. The role of the Lewis acid ВЕ, is to promote the ionization of HF. The 
mechanism of the reaction is as follows: 
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2° Жс 
H—Fi BF, => H—F—BF, 


H 
«ceo “WE SF, ——> :Ё Бе, + HyC—C—CH, —— 


CH; Нз 
2-methylpropene 
EB 


H 
SO) — ee) ten 
(CH; 


tert-butvibenzene 


16.17 The hint and the fact that the product has the same number of carbons as the starting material suggest an 
intramolecular Friedel-Crafts alkylation. 


-Qn-Qqo- 


:С1:7 AIC Cie —AICI; mi йа 
3 


+ АС + HCI 


c» rings are particularly rapid. This is another example of neighboring-group participation: see 


Remember that intramolecular reactions involving the formation of five- and six-membered 
Sec. 11.8 of the text. 


16.18 (a) 


(b) 
о [e] 
„ЖАШ l 
(снн с y 
isobutyrophenone benzophenone 


16.19 The two possible Friedel-Crafts reactions: 


CH; 


о 
VALE 
+ Cl— CH; CH; 
1) AIC O 
l CH, 
CHA уж 
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16.20 That the product contains the same number of carbons as the starting material suggests an intramolecular 
Friedel-Crafts reaction. The mechanism below begins with the acylium ion. (For the formation of this ion from 
the acid chloride. see Eq. 16.23 on text p. 808). 


H;C —> HC t —> HC + H—G: 
+ AICI 
H С C 
uw bu. 
CljAI — Cl: +O Chal С: d: d. 
an acylium 
ion 


16.21 (a) Table 16.2 indicates that the methoxy group is an ortho, para-directing group. (The product is mostly the 
para isomer.) 


О 
d 
0 H,C— 
l 
CH;0 —CH + CHO 
p-methoxyacetaphenone o-methoxvyacetophenone 


(b) Table 16.2 indicates that alkyl groups are ortho, para-directing groups. and the ethyl group is a typical 


alkyl group: 
H3C 


1-cthvl-4-methvlbenzene 1-ethy]-2-methylbenzene 
(p-ethyltoluenc) (o-ethyltoluenc) 


16.22 Let E* be a general electrophile. The four resonance structures of the carbocation intermediate that results from 
reaction of E* at the position ortho to the methoxy group of anisole are as follows: 


.. + .. .. 

бсн, (бсн, Mp ttt бон; 
К же Rb vr. 
H H H * oA 


16.23 (a) Because substitution occurs para to the phenyl group, the phenyl group is evidently an ortho. para- 
directing substituent. 
(b) The following resonance structures show that the electrons of the phenyl substituent can be used to 
stabilize the carbocation intermediate when substitution occurs at the para position. The electrors of the 
phenyl substituent cannot be delocalized in this way when substitution occurs at the meta position. 
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(0) (0) 
\ \ 
— C— CH; CECHN 
<> <> 
Sar H 
О 0 
\ \ 
Ak © д == 
= = 
H H 
[e] о 
+ \ 


\ \ 
— c 
H H 


16.24 Notice that. except for alkyl groups. all ortho, para-directing groups have electron pairs on atoms adjacent to the 
benzene ring. 


(a) This substituent, like the methoxy group, is an ortho, para-directing group. a point that is confirmed by 
the fourth entry of Tadle 16.2 on text p. 812. 


Br 
' ; 
a )- Ri — oh, + нс, 
p-hromoacetanilide. ог o-bromoacctanilide. ог 
N-(4-hromophensyl)scetamide N-4(2-bromophenyl)acetamidc 


(b) The three strong carbon-fluorine bond dipoles result in substantial partial positive charge on the carbon 
of thc CF; group: consequently. this is a mcta-dirccting group. 


Br 
CF; 


1-hromo-3-trifluoromethyibenzene 


(c) The carbocation intermediate involved in meta substitution has a greater separation between the positive 
charge of the carbocation and the positive charge of the substituent than does the carbocatian 
intermediate involved in ortho. para substitution. (The argument is similar to that used with electrophilic 
substitution reactions of nitrobenzene on text pp. 814—815.) Therefore, the substituent is a meta-directing 
group. 


Br 
N(CH3) 


(3-bromophenyl)triethylammonium ion 
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(d) Тһе tert-butyl group, like all other alkyl groups. is an ortho. „чаш substituent. 


{coy + Cim 


1 -hromo-4-fert-hutylbenzene 1-hrumo-2-fert-hutylhenzcene 


(e) Тһе —O group has both unshared electron pairs and a negative charge with which to stabilize the 
carbocation intermediate involved in ortho. para substitution. Consequently. this group is an ortho. para- 


directing group. 
Br 


4-bromophenoxide ion 2-bramaphenoxide ion 


pr Because of the negative charge on the oxygen, the “carbocation intermediate" is not a cation at 

> all, but rather a neutral compound. Moreover. the —O group is so strongly activating that 

| substitution does not stop at the monobromo derivatives but continues until all ortho and para 
positions have been filled. (See Eq. 18.88 on text p. 926.) 


16.25 (a) Тһе reaction-free energy profiles for electrophilic substitution of benzene. chlorobenzene at the para 
position, and chlorobenzene at the meta position are shown in Fig. SG16.1. Notice that chlorobenzene is 
less reactive (that is. has a greater standard free energy of activation) than benzene becausc chlorine is a 
deactivating substituent. Notice also that para-substitution reactions on chlorobenzene are faster than 
meta substitution reactions because chlorine is an ortho, para directing group. 


nc Е 


| Jo: JI 


с! much less stable 
less stable AG? carbocation 
AG** carbocation chloro- intermediate 
t chloro- intermediate benzene 
AG? benzene (meta) 
benzene intermediate (para) 


[4 
ba 
Z 
= 
LI 
EM 
x 
- 
~ 
z 
= 
с 
Z. 

- 
Р 


3 slower reaction much slower 
| than benzene reaction 
c 2 а than benzene 
+ E* + Et 


(b) (c) 


reaction coordinates 


Figure SG16.1 Reaction-free energy profiles to accompany the solution to Problem 16.25(a). 
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H.E 


4 much less stable 
AG" carbocation ed less stable 
intermediate AG" carbocation 
AG? carbocation nitro- intermediate 


benzene intermediate (meta) 


STANDARD FREE ENERGY 


much slower reaction slower reaction 
than benzene than benzene 


(b) (с) 


reaction coordinates 


Figure SG16.2 Reaction-free energy profiles to accompany the solution to Problem 16.25(b). 


(b) Тһе reaction-free energy profiles for electrophilic substitution of benzenc, nitrobenzene at the meta 
position, and nitrobenzene at the para position are shown in Fig. 5616.2. Notice that nitrobenzene is less 
reactive than benzene because the nitro group is a deactivating substituent. Notice also that meta- 
substitution reactions on nitrobenzene are faster than para-substitution reactions because the nitro group 
is a meta-directing group. 


Although both the CH,O— and the CH;S— groups are activating. ortho. para-directing groups. the orbitals on 
sulfur containing the unshared electron pairs. like those on chlorine. are derived from quantum level 3. 
Consequently. the overlap of sulfur orbitals with the carbon orbitals of the ring is poorer than the cverlap of the 
oxygen orbitals. (See Fig. 16.7 on text page 819; the orbitals on sulfur are analogous to those on chlorine in the 
figure.) In other words, the electron-donating resonance interaction of the sulfur is weaker than that of the 
oxygen. Although the electron- withdrawing (and therefore rate-retarding) polar effect of oxygen is much greater 
than that of sulfur, the resonance interaction of oxygen is so much more powerful that it is the dominant effect. 


Bromination of N,N-dimethylaniline is faster because nitrogen has an unshared electron pair that can stabilize 
the carbocation intermediate by resonance. As in the case of oxygen. the electron-withdrawing polar effect of 
nitrogen is much less important than its electron-donating resonance effect. 


In this reaction, iodide ion, Г, is oxidized by hydrogen peroxide. H;O;. Every oxidation is accompanied by a 
reduction, so the hydrogen peroxide is reduced to water. 


| — 1|—0H 
H20; — Но 


The balanced half reactions are shown below. The reactions were balanced according to the method shown in 
Sec. 10.6A. 


No part ой anu гү be uptoaded of dati buted without permision of the рубле f you find an eroi ym please visi ћир //people pharmacy purdue fdu/-audonm/veaching/ 


486 CHAPTER 16 - THE CHEMISTRY OF BENZENE AND ITS DERIVATIVES 


2H;)0 + 2/ — 21—0H + 2H*+ 26 
2H* + 2e + Hj0; —» H,O + H;O 


16.29 Tyrosine (A) would undergo iodination more rapidly. The aromatic ring of В is deactivated, or less electron- 
rich, due to the electron-withdrawing ability of the very electronegative fluorine atoms. Additionally. the 
carbocation intermediate would he inductively destabilized by the fluorines, resulting in a slower reaction. 


aromatic ring is less nucleophilic carbocation intermediate is destabilized 
due to electron-withdrawing fluorines by adjacent positve charges 


16.30 (a) Each substituent is an ortho, para-directing group. Two products satisfy the directing effects of both 


groups. 
SO,H 
Br Br 
* 
НО; 
CH; CH; 
2-bromo-4- meth yl- 4-hromo-2-methyl- 

benzenesulfonic acid benzenesulfonic avid 


(b) Asin part (a), each substituent is an ortho, para-directing group. Two products satisfy the directing 
elfects of both groups. 


NO; 
Br Br 
* 
ON 
| | 
2-bromo-1-nitro- 4+-bromo-I-nitro- 
4-iodobenzene 2-iodobenzenc 


16.31 (а) The order of increasingly harsh reaction conditions is m-xylene < benzene < p-dichlorobenzene. The 
reason is that the methyl groups of m-xylene are activating groups and the chlorines of p-dichloro- 
benzene are deactivating groups. 


(b) The order is anisole < toluene < chlorohenzene. Chlorobenzene requires the harshest conditions hecause 
chlorine is a deactivating group. Anisole requires the mildest conditions because the methoxy group is 
more activating than the methyl group of toluene. (See Table 16.2 on text p. 812.) 


16.32 Because both groups are mesa-directing groups, it might seem that either could he introduced first. However, 


the Friedel-Crafts acylation cannot be carried out on nitrobenzene because, as discussed on text p. 815. the nitro 
group is too deactivating. Consequently, the acetyl group must be introduced first. 
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(a) 


(b) 
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б (e 0 
1) CH. ci AG l ON l 
СО, AIC; 
2) H:0* SCH, _HNOs, H;S0, m 
heat 
benzene acetophenone m-nitroacetophenone 
Hydrogenate cyclohexylbenzene. which, in turn. is prepared as shown in Eqs. 16.21a-b on text pp. 807— 


808. Note that chlorocyclohexane and A1Cl5, or cyclohexanol and either H,SO, or H,PQ,, may be used 
as the source of the elecirophile instead of cyclohexene: sce Problem 16.15(b). text p. 808 and Study 


Guide Link 16.2. 
eN _ Ni 
O-O se ОЮ) 


cyclohexylbenzene eyclohexyleyclohexanc 


Hydrogenate terr-butytbenzenc, which, in tum, is prepared by Friedel-Crafts alkylation as shown in Eq. 
16.18 on text p. 807 or by the reaction shown in the solution to Problem 16.16. 


C 2-ee9. чушш” (cot 


tert-hutyibenzene tert-butyicyclohexane 


The nucleophilic nitrogen adds to the less sterically-hindered side of the epoxide. and from the top face. as 
drawn. A proton transfer (likely mediated by water) fallows, yielding the neutral. covalently-modified DNA 
molecule. 
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Solutions to Additional Problems 


16.35 (а) No reaction. 


(b) (c) (d) 
NO; SOH Es ek: 
ov 
+ + | 
NO, Su $0 + y: 
CH;CH, CHCH; CH;CH; CH;CH; є 
I-ethyl-4-  1-ethyl-2- 4-ethylben- 2-ethylben- CH;CH; CH;CH, CH;CH, 
nitrobenzene nitrobenzene  zenesulfonic acid zenesulfonic acid 
p-ethylpro- o-ethylpro- 
piophenone ріорћепопе 


(е) (f) 
CH; Br 
+ + 
CH; Br 


CH;CH; CHCH; CHCH; CH;CH; 


p-ethyltoluene — o-ethyltoluene 1-bromo-4- 1-bromo-2- 
ethylbenzene = cthylbenzene 


In part (e). ethylbenzene must be present in large excess for the monosubstitution products to be 
obtained. If ethylbenzene is not present in excess, products of dimethylation. trimethylation, etc., will 
also be formed; see Eq. 16.19 on text p. 807 and the discussion at the bottom of text p. 825. 


16.36 (а) (b) 
Ci NO; 


NO; NO, 


I «hloro-3-nitrobenzene 1.3-dinitrobenzene or 
m-dinitrobenzenc 


(c)  Noelectrophilic aromatic substitution reaction takes place. Friedel-Crafts acylation does not take place 
on any benzene derivative less reactive than the halobenzenes. In fact. nitrobenzene can be used as an 
inert solvent for Friedel—Crafts acylation. 


16.37 А compound containing a benzene ring must have at least six carbon atoms and four degrees of unsaturation. 
Compound A, with three degrees of unsaturation, cannot contain a benzene ring: compound C has only five 
carbons and therefore cannot contain a benzene ring. Compounds B and D have more than six carbons and have 
five and four degrees of unsaturation. respectively, and therefore could contain a benzene ring. 


16.38 (a) Assume that the carbon-chlorine bond dipoles dominate the dipole moment. In the following diagram. 
the small gray arrows are the C—Cl bond dipoles and the darker arrows are the resultant molecular 
dipole moments. This diagram shows that the order of increasing dipole moment is 
p-dichlorobenzene (д = 01 < mi-dichlorobenzene < o-dichlorobenzene. 
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с с Ci 
~~ 
| =e || 
Cl 


(b) Boiling points are increased by increasing attractions between molecules. To the extent that molecular 
attractions are dominated bv attractions between molecular dipole moments. the order of increasing 
boiling point is predicted to be the same as the order of increasing dipole moment. (In fact. the boiling 
point of the ortho isomer (180 °C) is 6-7 °C higher than the boiling points of the meta and para isomers, 
which are within one degree of each other.) 


16.39 Only compound A should have a proton NMR spectrum containing one six-proton singlet in the alkyl region 
(about 6 1.5). Only compound В should have a proton NMR spectrum that contains two closely spaced singlets 
in the integral ratio 2:1 in the benzylic proton region of the spectrum (about 2 2.3). Only compound С should 
have a proton NMR spectrum that contains two well-separated singlets in the integral ratio 3:1, the larger in the 
benzylic proton region and the smaller at about à 4.5. All three compounds are also readily distinguished by the 
relative integrals of their aromatic proton absorptions. 


16.40  Ethylbenzene has a three-proton triplet and. at somewhat greater chemical shift, in the benzylic proton region. a 
two-proton quartet. p-Xylene has a six-proton singlet in the benzylic region. Styrene. Ph—CH-——CH;. has no 
protons in the benzylic region. 


16.4] (a)  Thecyclopentadienyl anion is aromatic; its five resonance structures show that all carbons (and 
hydrogens) are chemically equivalent. Hence. the proton NMR spectrum of the ion consists of one 
singlet. 


hybrid structure 


(b) Fig. 16.2 on text p. 794 shows that aromatic protons located in the plane of the ring and outside of the 
ring experience an augmented local field and thus a greater chemical shift. However. in the region above 
and below the ring. the induced field has the opposite direction. and consequently protons located in this 
region experience a reduced local field and thus a smaller chemical shift. Such is the case with the 
methyl group in the problem: the local field at this group is so small that its resonance occurs at nearly 
1.7 ppm smaller chemical shift than that of TMS. 


16.42 The electron density of the unshared electron pairs on the oxygen of the methoxy group is delocalized to the 
ortho and para positions on the ring. hut not to the meta position: 


Miu. *OCH, +OCH, 
He He 
H^ 7 “н? 
CH, CH; 
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Thus, there is more electron density at the ortho proton H^ than at the meta proton H^. Since greater electron 
density results in a reduced local field By (see Sec. 13.3A). the chemical shift of proton H“ is smaller. 


In each synthesis that involves substitution on a benzene derivative that contains an ortho. para-directing group. 
only the product resulting from para substitution is shown. 


(a) 
HNO,, H;SO 
(О) seme C) mt ne Yma 
benzene toluene p-nitrotoluene 
(excess) 
(b) 
Ж. Вг, (excess), FeBr, _ 
О) в CD 
henzene p-dibromobenzene 
(c) 
| 
1) б—С— CH;, AICI; (1.1 equiv) 
Ф 
C 2 Ch Fe с ET AN aia (D CH, 
benzene chlorobenzene p-chloroacetophenonc 
(d) 
SO;H 
«> HNO,, H,S0, ( Xo HS0. S0, , NO, 
benzene nitrabenzene m-nitrobenzenesulfonic acid 
(e) 
HNO}, Н 
chlorobenzene p-nitrochlorobenzene 
(f) 
NO; NO; 
HNO, (fuming), 
( У HNO, (fuming), H;SO, мо, HS0. lumino) NO; 
nitrobenzene NO, 


repared in part (d) 
eae PREIS 1.3.5-trinitrobenzene 
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(g) 

Br 

gui xcess), FeBr, 
HC 202 NO; Br; (excess), РеЙг. H.C NO, 
p-nitrotoluene Br 
prepared in part (a) 
2.6-dibromo-1-nitrotoluene 

(h) 

CH; CH; 

N Br NO; 
Вг, (excess), FeBr, 
eat 
o-nitrotoluenc Br 
by-product of the 
synthesis in part (a) 2.4-dibromo-6-nitrotoluene 


Nitration of toluene actually gives morc ortho isomer than para isomer of toluenc. and the two 

c» nitrotoluene isomers are readily separated by fractional distillation. (See text Sec. 18.5A. 
subsection: The Ortho, Para Ratio.) o-Nitrotoluene is a good starting material for a number of 
ortho-substituted benzene derivatives. 


(i) 
1 
1) CH;CCI, AICI, n 
C2 CHCI, AIC ‚_ T CH,CH; 2 HOHO 77 HNO», Н;50, 
benzene ethylbenzene p-ethylacetaphenone 
(excess) 
" NO; 
| 
CH.C CH;CH; 
4-ethy1-3-nitroacetophenone 
G 


(Q2: O0 H+ OO 


benzenc cyclopentene evclapentvibenzene 
(excess) 


Cyclopentanol may be substituted for cyclopentene in this synthesis, or chlorocyclopentane and AICI, 
catalyst may be used instead of cyclopentene and H SO,. Note that each of these possible starting 
materials serves as a source of the same carbocation, the cyclopentyl cation. 
16.44 (а)  Inmesitylene. the three methyl groups all direct nitration to the same position: that is. they activate the 
same position of the ring. In 1.2,4-trimethylbenzene, only two of the three methyl groups activate the 
same ring position. Both rrimethylbenzenes are more activated than toluene. Hence. the order is 


toluene < 1,2.4-trimethylbenzene < mesitylene 
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(b) 


(c) 


(d) 


(a) 


(b) 


(c) 


The reactivity order follows from the relative activating effects of the substituents. (See the last column 
of Table 16.2 on text p. 812.) 


nitrobenzene « chlorobenzene < benzene 


In p-chloroanisole, the chlorine and methoxy group direct to different positions: that is, the chlorine 
strongly deactivates the positions that the methoxy group activate. and the methoxy group deactivates the 
positions that are least deactivated by the chlorine. In the meta isomer, the directing effects of the two 
substituents do not conflict. In anisole, the deactivating chloro group is absent altogether, The order is 


p-chloroanisole < im-chloroanisole < anisole 


The reactivity order follows from the relative activating effects of the substituents. (See the last column 
of Table 16.2 on text p. 812.) 


p-bromoacetophenone < acetophenone < p-methoxyacetophenonc 


The boron on benzeneboronic acid has an empty 2p orbital and is not capable of stabilizing a carbocation 
by resonance. It would be difficult to introduce electron deficiency into a compound that is already 
electron deficient: hence. this compound undergoes substitution much more slowly than benzene itself. 
Moreover, the boron-oxygen bond dipoles place substantial positive charge on boron. The boronic acid 
group thus has the characteristics of a meta-directing group. and the principal mononitration product is 
m-nitrobenzeneboronic acid. 


Q 2- B(OH); 


For the reasons given in the solution to Problem 16.24(c), the —*N(CH,), group is a meta-directing 
group. This compound reacts more slowly than benzene, and the product is the »mera-nitro derivative. 


ON 
\ 


N 2- N(CH) 


One benzene ring serves as an ortho. para-directing substituent on the other. (The directing effect of the 
pheny! substituent is explained in the solution to Problem 16.23.) Because the phenyl substituent can 
stabilize the carbocation intermediate in nitration, it is an activating group. Hence, this compound is 
more reactive than benzene, and the product is the para-nitro derivative (plus perhaps a small amount of 


the ortho-nitro isomer). 


16.46 


16.4? 
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(d) Only the positions marked with an asterisk (*) are activated by both the phenyl and methoxy groups. 
(You should show that a carbocation intermediate formed in the other ring at алу position cannot be 
resonance-stabilized by the unshared pair of the methoxy group.) Because of this activation, nitration at 
the asterisked positions is more rapid than nitration of benzene itself; the products are as follows: 


e ae M 


The reactivity order is A < B< D < C. Compound C is most reactive because the substituent has an unshared 
electron pair that can be used to stabilize the intermediate carbocation by resonance. Compounds B and D have 
alkyl substituents, which stabilize carbocations; however. the alkyl group of compound B contains a positively 
charged group that would interact unfavorably with a carbocation, offsetting the stabilizing effect of the alkyl 
carbon. Compound А has a positively charged, electronegative substituent attached directly to the ring that 
would interact most unfavorably with the carbocation. (See the solution to Problem 16.45b.) Compounds С and 
D undergo hromination at the ortho and para positions; compound A undergoes bromination at the meta 
position: and the position of substitution in compound В depends on the balance of the stabilizing effect of the 
alkyl group and the destabilizing effect of the positive charge. (In fact, this compound brominates in the ortho 
and para positions.) 


First draw the resonance structure of compound В that has an electronic octet around phosphorus: 


:0: Ter 
C. М 
e — te D 
OCH, 


This is an important resonance structure because of its adherence to the octet rule. With this structure in mind, 
consider then the carbocation intermediate in nitration: 


adjacent 
positive charges 
f: ч 
CH,0— - <> 090— ze 6 
бон, OCH 3 


For an oxygen unshared pair to exert a stabilizing resonance effect on the carbocation. a destabilizing 
interaction must be simultaneously introduced as a result of the adjacent positive charges on oxygen and 
phosphorus. Hence, this resonance interaction is relatively unimportant—or much less important than in 
compound A. Because the resonance interaction of its electron pairs is weak or nonexistent, the oxygen acts 
more like an electronegative substituent without unshared pairs. Such a substituent (like the nitrogen in a nitro 
group) should be a deactivating. meta-directing group. as observed. 

Phenyl acetate has a dipole resonance structure for the C=O group as well, but such a structure does not 
have an octet on carbon. Furthermore, it has no other oxygens bound to the carbon to exert an electron- 
withdrawing polar effect. Therefore, the resonance structure that involves stabilization of the carbocation 
intermediate by the oxygen is relatively more important—so much so. that the para position is activated. 


a рам of the manual be цова oi ni Duied pem vor 3! ine 3. Ew fyc. Зя зета ow реле sg mie ' ecy Puede edu 


494 


16.48 


16.49 


16.50 
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The two possibilities are the acylation of anisole hy henzoy] chloride (pair A), or the acylation of benzene by p- 
methoxybenzoy! chloride (pair В). Because the methoxy group activates electrophilic substitution at the ortho 
and para positions, the Friedel-Crafts reaction of pair A should occur under the milder conditions. 


TES E C 279^ oA jo ^ C 2 


benzoyl chloride anisale p-methoxybenzovl chloride benzene 


- 


A B 


(Both reactions would work, however: and the use of pair B avoids the possibility of ortho substitution, 
although, with the Friedel-Crafts reaction. this does not gencrally occur to a great extent.) 


The unsaturation number of compounds A and В is 5; hence. both compounds could be aromatic. Compound С 
is a hydrocarbon: because hydrogenation of C gives a compound (compound 2D) with the molecular formula 
CHin. then the formula of compound С could be CyHy. If so, then the reaction of compounds A and В with acid 
is a dehydration. If compounds А and B are alcohols. their —OH groups must be on adjacent carbons in order 
for them to dehydrate to the same alkene. Compound D. the hydrogenation product. has an unsaturation number 
of 5; nitration confirms that it and, by deduction. the other compounds, are aromatic. Since compound D can 
contain no ordinary double bonds (they would have been hydrogenated), it must contain a ring in addition to the 
aromatic ring. The structures of the compounds that mect all these criteria are as follows: 


V Qo- Co бо 


Note that compound D, because of its symmetry. would give only two nitration products: 


NO; 
CO = 00.100 
ON 
D 


The nitration results rule out isomers such as the following: 


equi " 

would give four If the compound at left 
mononitration products: cannot be D, 
therefore, cannot be D. this cannot be 4. 


Any compound must have an unsaturation number of 6 and must contain a benzene ring. 


CH=CH, 
H;C—CH CH=CH, кес X, 


p-divinylbenzene structures such as this without a benzene ring 
would hydrogenate 10 cis-| 4-diethylcyclohexane 
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Structures such as the one on the right that do not contain a benzene ring do not meet the criterion. because they 
would undergo hydrogenation of the ring double bonds. 


The A, of styrene is due to the conjugation of the alkene 7 bond with the p orbitals of the benzene ring. (Only 
one ring p orbital is shown below). Both 7 bonds of phenylacetylene cannot be simultaneously conjugated with 
the 2p orbitals of the benzene ring. (The nonoverlapping p orbitals are shown in gray below.) Hence. the A,,,, of 
phenylacetylene is also due to the conjugation of a single 7 bond with the benzene ring. Consequently, the 
structural features of both compounds responsible for their UV spectra are identical. 


ring p RON] es 
(only one show jo, 


JO: va ia —— these p orbitals 
do not overlap 
C—H with the benzene ring p 
i: SA orbitals 


styrene phenylacetylene 


For this product to form, benzene must react with the electrophile shown in the following equation: 
_ Ду. _ 
H V 
M 


The electrophile, in turn, is formed from benzenesulfonic acid by the following mechanism: 


HOSO,0: 


ral о о о о 
нозо;$--н—у Ҷ /? \/ \/ 


S +S s S 
UO O 0 


Run the electrophilic aromatic substitution reaction in reverse. 
о OH 
b "i i 
SOH ү — T о 0H —> A k = 
aia ahi N Н -:06$0,н 
bini e 4 -:850,н benzene & 75 


| 


2 H— SO, 


There are several variations on this mechanism. For example, SOH could be lost from the carbocation 
intermediate to give protonated SO, (that is, “SO3H: see Problem 16.13 on text р. 805) which could react with 
water to give SO, (sulfur trioxide) and Н.О“. Sulfur trioxide reacts vigorously with water to give HSO, 
(sulfuric acid). The important aspect of the mechanism is the protonation of the ring and loss of a species which 
would serve as an electrophile in the reverse reaction. 
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16.54 The product has an unsaturation number of 6, which means that, relative to the starting material. the product has 
an additional ring or double bonc. The fact that it does not react with Br; suggests that a new ring has been 
formed. In fact, formation of a carbocation by protonation of the alcohol and loss of water leads to an 
electrophilic aromatic substitution reaction that forms a new six-membered ring. 


(X 


(Н OSOH :050,н 30S0.H 
:0H 


CH; 


16.55 (a) and (b) 


Generation of the electrophile: The clectrophile is the carbocation gencrated by protonation of the 
alcohol oxygen and loss of water. 


co 


(СН.);С С(Сн,); "0 н), 
—— 


OH; 


A Lewis acid-base association reaction of the benzene т electrons with the electraphile to generate 
another carbocation: 


н Ce 
(CH;4C re (СНа):С Cu 
—> 


Loss of a B-proton to the Bronsted base Н О to form the new aromatic compound: 


(Ж 
CH, 


о, 
(CH,),C _ ‚нс iis y 
10 n Он; 
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(c) Тһе aromatic ring of compound A has three alkyl substituents. Two of them—the tert-butyl group and 
one of the ring bonds— direct substitution by their electronic effects to the positions indicated by the 
asterisk: 


е 
‚ ен i M ow CH Qb cH 
(CH3)3C 3 1) CH,CCI, AICI, (СНз): з (CHC 3 


2) H,0 4 


Electrophilic substitution might have occurred at either of these positions to give either or both of the 
compounds shown in the foregoing equation. Both of these positions. however, are ortho to the very 
large tert-butyl group, and one of them is ortho to twa highly branched groups. For steric reasons 
substitution cannot occur at these very congested positions. Hence, it occurs at the remaining position. 
Note that ring position meta to alkyl substituents are по! deactivated: they are simply less activated than 
positions that are ortho and para to alkyl substituents. Furthermore, the remaining ring position is 
activated by one alky! substituent. 


Protonation of the double bond of styrene by the acid gives a carbocation A, which serves as an electrophile to 


react with the double bond of a second molecule of styrene to give carbocation B. which loses a proton to give 
alkene X. 


CH, :650,А 


| 
CH CH 
e "c шша 
—» LH 
LU 


^ ^ 
«у 

CH H 2650,8 Ks А 

[€ =~ C—H + H—ÜSOR 
‘ch ^H / 

| dr 

Ph Ph 

B X 


Carbocation A reacts with the double bond of styrene rather than the ring because the ring, being aromatic. is 
тоге resistant to electrophilic substitution than the "ordinary" double bond of styrene. 

Carbacation B. formed by reprotonation of X. undergoes an internal (intramolecular) electrophilic aromatic 
substitution. This reaction is accelerated over an ordinary electrophilic aromatic substitution because it is 
intramolecular (proximity effect: Sec. 11.8). 
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16.57 


16.58 


EL cdi ca а= CH,CH(CH.),CH, —— CH,CH(CH,),CH; 
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Y and Z 
(each is a racemate) 
Carbocation В is chiral, but because it is formed from achiral starting materials. it is the racemate. When each 
stereoisomer of the racemate reacts, a new stereocenter is formed. Both enantiomers of 8 give both possible 
configurations of the stereocenter. Therefore, two diastereomers (Y and 2) are formed, each of which is a 
racemate. 


Equation 16.15c referred to in the problem shows that metal electrophiles, by forming complexes with halide 
ions. can make them better leaving groups in the same way that protonation of an alcohol makes the OH a better 
leaving group. (Think of the metal cation as a "fat proton.") Thus, the silver ion assists the ionization of the 
bromide group of 2-bromooctane by complex formation. Carbocation formation by an S41-ElI mechanism is 
followed by the usual combination of Sy! substitution and E1 elimination products. 


CH,CH,OH 
ав, — Ад 


:Вг: Ag + :Br—Ag 


^ 


OC;H; 
CH,CH,OH, + CH;CH(CH;ECH, + НС CH(CH;&CH, + CH4CH = CH(CH;,CH4 


EN product (mostly trans) 


—pD-——- 
EI products 


The formula of compound В would be useful in solving this problem. Consider the integral in the NMR 
spectrum of compound В. The entire spectrum integrates for ten hydrogens, and we can hypothesize that no 
carbons arc lost on the reaction with sodium ethoxide. Hence. the formula of compound B is thus С.Н s. Thus. 
compound A loses the elements of HBr when it reacts with à base—clearly an elimination reaction—and adds 
one molar equivalent of H, on catalytic hydrogenation. Therefore. compound B is an alkene formed hy an E2 
reaction from compound A. The NMR of compound В shows that it has five aromatic hydrogens; hence, the 
remaining unsaturation of compcund В is due to a monosubstituted benzene ring. The resonances for the vinylic 
hydrogens in the NMR spectrum centered at 65.1 integrate for two protons. These two protons are chemically 
nonequivalent, and they show no large splittings typical of a cis- or trans-alkene. Hence. the vinylic protons are 
in the part structure H;C—. The chemical shift and integration of the 5 2.1 resonance suggests a vinylic methyl 
group. The methyl group cannot be benzylic because this would require one fewer aromatic hydrogen and one 
more vinylic hydrogen. The structure of B is determined and the structure of C. its hydrogenation product, 


follows: 
2 CH; 
Eq CH(CH3); 
CH; 


B C 
isopropenyibenzene isopropylbenzene 
(a-methylsty rene) 


Two possible alkyl halides can be considered for A. The chirality of A allows us to decide between them. 
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rs CH 2Вг 
in | 
C—CH, С — S—0CH—CH 
UM | Жеш 
Вг F 


(2-bromo-I-methylethyl)benzenc 


16.59 (а) The IR spectrum indicates the presence of an aromatic ring. The singlet at ô 3.72 suggests a methoxy 
group, and the apparent pair of doublets indicates a para-disubstituted benzene ring. The M + 2 peak in 
the mass spectrum wilh about one-third the intensity of the M = 142 peak suggests the presence of 
chlorine. A chlorine, a —OCH; group. and a para-disubstituted benzene ring fully account for the mass 
of 142. The compound p-chloroanisole ( 1-chloro-4-methox vbenzene) is consistent with all the data. 


p-chloroanisole 
(I-chloro-4-mcthoxybenzenc) 


When interpreting mass spectra, don't forget that you must use exact masses for isotopes. 
Thus. mass M - 142 corresponds to the compound containing SCL. and the mass of the 
M + 2 peak corresponds to the compound containing "CI. 


(b) The singlet at 6 3.8 suggests a methyl ether. The doublet of doublets centered at 67 suggest a para- 
disubstituted benzenc ring. The complex pattern centered at 6 6.1 corresponds to two vinylic hydrogens. 
and the UV spectrum suggests a vinylic group conjugated with the benzene ring. The chemical shift of 
the 6 1.9 resonance suggests a vinylic methyl group. and its splitting of 6.6 Hz shows that this methyl 
group is coupled to one of the vinylic hydrogens. The 15.7 Hz splitting within the vinylic proton 
resonance shows that these protons are trans: the 965 cm ' IR absorption confirms this deduction. All of 
these data conspire to suggest that compound В is (E)-4-methoxy-1-(1-propenyl)benzenc. known more 
commonly as trans-p-methoxy-B-methylstyrene. 


E 
C—CH, 
4 
сно С 
\ 
H 


(£)-4-methoxy-1-(1-propenyl)benzene 
(trans-p-methoxy-f-methylsty rene) 


16.60 (a)  p-Dibromobenzenc can give only one mononitro derivative; hence. it must be compound A. 
o-Dibromobenzene can give two mononitro derivatives, and is therefore compaund B. 
m-Dibromobenzene is compound C. 


Br Br Br Br Br 
NO; Br Br ON Br 
nitration nitration + 
Вг Br B NO, 
A 
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(b) 


(c) 


(d) 


16.61 (a) 


(b) 


(c) 


(d) 


No pat of ti 


Br Br Br Br 
NO; 


nitration 


Br Br Br ON Br 
C NO; 


Answer this question by deciding in how many different ways a single nitro group may be substituted for 
a hydrogen in each isomer. Because isomer separation methods (such as crystallization) based on 
conventional physical properties were used to differentiate isomers, cnantiomeric differences between 
products were not evident. that is. only constitutional isomers or diastereomers are considered to be 
different compounds. 


Z Br Br Br Br 


Br Br 
A B C 


The following two products derived from nitration of compound C were probably formed in smallest 
amount. In the formation of compound C1. the nitro group and the two bromines are involved ir severe 
van der Waals repulsions: and the formation of compound C2 satisfies the directing effect of neither 


bromine substituent. 
Br Br 
Cy? £e 
Ner e ом ~~ Br 


| 
с! с? 


The three dibromobenzene isomers would be differentiated most readily by the number of resonances in 
their proton-decoupled CMR spectra. Compound A, the para isomer, has two resonances; compound В. 
the ortho isomer, has three resonances: and compound C, the meta isomer. has four resonances. The 
number of resonances in cach case, of course, corresponds to the number of chemically nonequivalent 
sets of carbons. 


Each alkyl halide group reacts with benzene in a separate Friedel-Crafts alkylation reaction. 


Qo OO 


The formula indicates that successive electrophilic aromatic substitution reactions have occurred; the 
product is triphenylmcthane, Ph4CH. 

The reaction is an intramolecular Friedel-Crafts alkylation that forms a ring. Note that the oxygen 
activates the substitution. 


О 


CH; 


Comparison of the formula of the product to that of naphthalene shows that one molar equivalert of the 
acylating agent has been introduced. Since there is no chlorine in the product. the reaction must involve 
a double acylation of the naphthalene ring by both ends of the acid chloride. The only way that this can 
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occur with the formation of rings of reasonable size is for the acylation to occur across ortho positions of 
one benzene ring. or across the peri positions. which аге the two positions on cither side of the ring 
junction. These three possibilities account for the three products: 


C. CH, 


o h Hy 
CH; о о о О peri positions 
qid 06а 
+ + 
CH, 
О 


(e) Similar to the reaction mechanism shown in Eq. 16.37a and 16.37b, hypoiodous acid will instal] an 
iodine ortho to an OH group on a benzene ring. 


HÓ—I H CH; ЕЗ Н СНз H СНз 
7 io A Ls do do] 
о 20 :0 


(f) The cyclohexy! group, an alkyl group, directs nitration to the ortho and para positions of the benzene 


ring. 
NO; 


(mostly) 


(g)  Ferrocene, like other aromatic compounds, undergoes a Friedel-Crafts acylation reactions. 


Fet 


aan 


(h) Тһе nitro group is directed by both substituents to the position ortho to the methoxy group, and the 
bromine in the second reaction is directed to the other position ortho to the methoxy group. 


NO; 
CH; SO3H 


Br 
3-bromo-4-methory-S-altrobeavenesulfonic acid 
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16.62 (a) Because carbon-4 is para to the methoxy group. the carbocation intermediate involved in nitration at this 
carbon can be stabilized by electron delocalization from the oxygen. as it is in nitration at the para 
position of anisole. (See the colored structure in Eq. 16.29 on text p. 812.) Hence, the methoxy group 
activates substitution at carbon-4. and nitration at carbon-4 of 1-methoxynaphthalene is faster than 
nitration of naphthalene. 


(b) When nitration occurs at carbon-5, the unshared electrons of the oxygen can be used to stabilize the 
carbocation intermediate by resonance; consequently. nitration at carbon-5 of ]-methoxynaphthalene is 
faster than nitration of naphthalene itself. 


сүз +0CH; 
ни 
Н NO; H ‘NO, 


(c) Мигапоп at carbon-6 is analogous to nitration at a meta position of anisole; see Eq. 16.30 оп text p. 813. 
In this case, the oxygen electrons cannot be delocalized to stabilize the carbocation. The only effect of 
the methoxy group in this case is its rate-retarding polar effect. Therefore. nitration at carbon-6 of 1- 
methox ynaphthalene is slower than nitration of naphthalene. 


16.63 Friedel-Crafts acylation (or any other electrophilic substitution reaction) at carbon-2 of furan gives a 
carbocation intermediate with more resonance structures than acylation at carbon-3. Consequently. the 


carbocation intermediate from acylation at carbon-2 is morc stable, and, by Hammond's postulate, acylation at 
carbon-2 is faster. 


The carbocation intermediate from acylation at carbon-2: 


о о о 
B | - - 


three resonance structures 


The carbocation intermediate from acylation at carbon-3: 


[ fo fe 
| Дк 4n 
/ гу + ——> bey 
Q Q 


two resonance structures 


- 


16.64 The balance between protonation on oxygen and protonation on a carbon of the ring depends on the relative 
basicities of an aromatic “double bond" and the oxygen of an aromatic cther. The fact that anisole protonates on 
oxygen shows that an ether oxygen is more basic than the aromatic 7-electron system: 
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+ 


н — OCH; 
| 


Q 


conjugate acid of amsole 
That 1.3.5-trimethox ybenzene protonates on carbon. then. means that the resulting conjugate-acid cation is 
stabilized sufficiently that the aromatic carbons have enhanced basicity. The stability of this cation is due to 
resonance stabilization involving all three oxygens: 


16.65 (а) Furan derivatives, like 1.3-cyclopentadiene derivatives, are in effect conjugated dienes locked into s-cis 
conformations. Such dienes are reactive in Diels—Alder reactions. The product A results from such a 
reaction. 


(\ ов; 


CH; 
Ó 
O 


compound A 


(b)  Evidently, the acidic conditions promote loss of the bridging ether oxygen as water. The mechanistic 
steps involved are pretonation, carbocation formation, loss of a proton, and then repetition of a similar 
sequence. The driving force for this reaction is the formation of the aromatic ring. 
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-:0S0,H 


OSO3H 
H—OSO;H ne 
| 5 сн ы 
HO: CH; о НО /CH; о 3*5 9 
) (OH 

0 — 0 — 0 — 
» 9 CH, 0 CH, 0 
CH о rM 


O + H—OSOH 
CH, 0 


16.66 [n this reaction a tert-butyl cation is lost rather than a proton from the carbocation intermediate. The 
clectrophile, a nitronium ion *NO.;, is generated by the mechanism shown in Eqs. 16.1 1a-d on text pp. 803-804. 


ON 
C(CH3s M e o." њо ~j { “амо, 
A y- CH; — 
ссн ссн T 
H;C 
C—CH, + H—ÖNO, 
mi 


16.67 At the higher temperature, the two ortho methyl groups (labeled a in the problem) are chemically equivalent on 
the NMR time scale because rotation of the isopropyl group is rapid; the resonance of these groups occurs at 
6 2.25. However, at the lower temperature, rotation of the isopropyl group is slow. and, as a result, the two 
ortho methyl groups are no longer chemically equivalent. Hence, the resonances of the ring methyl groups occur 
at different chemical shifts at the lower temperature. Evidently, one ortho methyl group is wedged between the 
two isopropyl methyls, and the other is in the same plane as the isopropyl C—H group. as shown by the 
structure in the problem. 


16.68 (a) The two terminal rings of hexahelicene cannot lie in the same plane because, if they did, their hydrogens 
would have severe van der Waals repulsions. Consequently, the molecule is somewhat bent out of plane 
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so that one of the terminal rings lies over the other. This causes the molecule to trace one turn of a helix, 
which is a chiral object. This optical rotation, by the way, is huge! 

Normally the two rings of a biphenyl derivative lie in the same plane to maximize conjugation, that is, to 
maximize overlap of their 7-electron systems. In this case, however, if the rings were to lie in the same 
plane. the very large sulfonic acid (— SO;H) group on one ring would have severe van der Waals 
repulsions with an ortho hydrogen of the other ring. Consequently, the molecule adopts the conformation 
shown in the problem, in which the planes of the two rings are perpendicular. However, this 
conformation is chiral and is thus capable of showing optical activity. Evidently, rotation about the 
central carbon-carbon bond is slow enough that the molecule can be resolved into isolable enantiomeric 
conformations! When the molecule is heated. the internal rotation "reaction" (like all reactions) is 
accelerated. and the optically active molecule racemizes. This situation is also discussed in Further 
Exploration 6.2 on page 148 of this manual; a similar situation is the subject of Problem 16.10(b) earlier 
in this chapter. 


Allylic and 
Benzylic Reactivity 


STUDY GUIDE LINKS 


[T 17.1 Synthetic Equivalence 


The benzylic oxidation provides an excellent way to introduce a carboxylic acid group into a 
benzene ring. (None of the electrophilic aromatic substitution reactions in Chapter 16 provide a 
way to introduce this group directly.) Suppose, for example. we wish to prepare p-nitrobenzoic 
acid from benzene. The desired acid can be formed by benzylic oxidation of any p-alkylnit- 
robenzene with benzylic hydrogens—say, p-ethylnitrobenzene: 


CH;CH; 1) KMn0,. -OH CO;H 
Q7 E. Cy 
ON ON 


p-ethyInitrobenzene p-nitrabenzoic acid 


The p-ethylnitrobenzene comes, in turn, from nitration of ethylbenzene: 


CHCH; CH;CH; 
QT m CY 
ON 


ethylbenzene p-ethylnitrobenzene 


And the ethylbenzene comes from Friedel-Crafts alkylation of benzene (Eq. 16.20, text p. 807). 

If we wanted to prepare ni-nitrobenzoic acid, we would first oxidize ethylbenzene to benzoic 
acid, and then nitrate the benzoic acid, thus taking advantage of the meta-directing effect of the 
carboxylic acid group: 
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-CH,CH,  1)KMnO, -OH CO;H ON CO;H 
2) н,0* . HNO, H,SO, 
ethylbenzene benzoic acid m-nitrobenzoic acid 


In these schemes, an alkyl group— specifically, the ethyl group—has been utilized as the synthetic 
equivalent of a carboxylic acid group. That is. the ethyl group is something that is easily converted 
into a carboxylic acid group. (Some people use the word synthon to mean the same thing as 
synthetic equivalent.) A person who is skilled in synthesis tends to see various functional groups 
in terms of their synthetic equivalents. For example. when such a person sees a carboxylic acid 
group on a benzene ring. an alkyl group pops into mind. For an aldehyde. a primary alcohol comes 
to mind. (What would you think of as a synthetic equivalent of a cis-alkene?) Of course, a group 
may have more than one synthetic equivalent, and the appropriate synthetic equivalency will 
generally depend on the exact situation at hand. 

By coupling the Friedel-Crafts alkylation with benzylic oxidation. a connection has been 
made that was not explicitly discussed in the text. As you improve in your mastery of organic 
chemistry, this is the sort of connection that you should begin to make on your own. А good 
student will begin to think of compounds "out of context." that is, in ways not directly related to 
the text material. For example. a student will see a structure and ask, "How could 1 synthesize 
this?" even though its synthesis might not be the context in which the structure is encountered. 
Professional chemists tend to think this way. A structure or a reaction presented in one context 
will trigger the imagination to think of a wholly new context in which it might be useful. This is 
one way that new ideas are born. Awareness of this "intellectual triggering" process is one of the 
best reasons that scientists study the professional literature. And this works not only in chemistry; 
it works in fields as diverse as physics and medicine. 


FURTHER EXPLORATIONS 


17.1 Addition versus Substitution with Bromine 


The purpose of this Further Exploration is to explain the effect of low bromine concentration in 
promoting free-radical substitution. The explanation of this effect lies in the rate laws for addition 
and substitution. The rate law for ionic addition (Sec. 5.2A) at low bromine concentrations is 

rate of ionic addition = &,444,,,[alkene][Br;] 


Although it is not discussed in the text, addition of Br; can also take place by a free-radical chain 
mechanism. А! low Br; concentrations, the rate of frec-radical addition follows the rate law 


rate of free-radical addition = kg. uiis alkene][Br;] ^ 


The rather strange-looking 3/2-order in bromine. roughly speaking. is due to the involvement of a 
bromine atom ("half of a bromine molecule") produced in the initiation step together with the 
involvement of a bromine molecule in the rate-limiting propagation step—one and one-half 
bromine molecules total. 

Finally, the rate of free-radical substitution at low Br; concentrations has the rate law 


rate of free-radical substitution = k,yenunonlalkene]{ Bro) "7 


The !/5-order dependence in bromine is duc to the involvement of a bromine atom that is produced 
in the initiation step. 


м, be Р w [] lini av ено rie » f "T 


REACTION REVIEW - CHAPTER 17 509 


А comparison of these rate laws reveals that the substitution reaction has the least dependence 
on bromine concentration. Hence. the rate of substitution not only increases less rapidly with 
increasing bromine concentration than the other reactions, but also decreases less rapidly with 
decreasing bromine concentration. Al very low bromine concentration. then. free-radical 
substitution has the greatest rate. and is therefore the observed reaction. 

The success of N-bromosuccinimide (NBS) in CCl, as a reagent for substitution of allylic and 
benzylic hydrogens hy bromine is duc to the fact that it provides an experimentally convenient 
way to maintain a low bromine concentration. It wasn't planned that way; NBS іп CCl, for many 
years was known as a good reagent for carrying out allylic and benzylic brominations with no 
competing additions. Careful research later developed the rationale presented here and in the text. 


|] || REACTION REVIEW 


1. ALLYLIC AND BENZYLIC SUBSTITUTION REACTIONS 


А. ALLYLIC AND BENZYLIC BROMINATION WITH NBS 
1. N-Bromosuccinimide (NBS) can be used to bring about substitution of allylic and benzylic hydrogens with 
bromine. 


allylic ае СЧ CH;Br 
hydrogens о 


| О 
C C 
EN EN 
Я сү “ен, Р Mes is zi С “он, + 2 N—H 
benzylic | 
hydrogens == Н.О “if, BrCH, 1 
o о 


N-bromosuccinimide 
(NBS) 


2. The mechanism of allylic or benzylic bromination with NBS entails the following steps: 


a. The initiation step is the formation of a bromine atom by homolytic cleavage of the N—Br bond in 
NBS itself. 


О 


о 
о 


O 


b. The ensuing substitution reaction has three propagation steps: 
i. The bromine atom abstracts an allylic or a benzylic hydrogen. 


Br 
lest i N / 
с=с — E 
N H / \ 
АА А 


ii. The HBr thus formed reacts with the NBS in the second propagation step (by an ionic mechanism) to 
produce a Bry molecule. 
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О О 
A $ 
| N—8r + H—Br —» N—H + В, 
ч 

о о 


iii. The last propagation step is the reaction of this bromine molecule with the radical formed in the first 
propagation step. 


Вг. 


y^ CREE / NK 
„С 
/ \ 
c. The Br; concentration remains low because it can be gencrated no faster than an HBr molecule and an 
allylic radical are generated. 
d. The low solubility of NBS in CCl, and the consequent low [Br] is crucial to the success of allylic 
bromination with NBS. 


3. Because the unpaired clectron of an unsymmetrical allylic radical is shared by two chemically 
nonequivalent carbons, such a radical can react to give two constitutionally isomeric products. 


Br 
Oa == Oo + [Dow 
Br 


B. BENZYLIC BROMINATION 
1. Benzylic hydrogens can be substituted at allylic positions with Br, in the presence of light. 


Br 


| 
ом CH;CH; "E. CHCH; 
Qeon O 


2. This is à free-radical chain reaction that involves the following propagation steps: 
a. abstraction of a benzylic hydrogen by a bromine atom in preference to a nonbenzylic hydrogen. 


| / 
TIA > C 2€ * H—Br 


i. This propagation step gives rise to the selectivity for substitution of the benzylic hydrogen. 
ii. The reason for this selectivity is that the benzylic radical which is formed has greater stability than 
nonbenzylic radicals. 
b. reaction of the benzylic radical with a molecule of bromine to generate a molecule of product along 
with another bromine atom, which can then react with another benzylic hydrogen. 


| 
Оба — Qd 
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3. Allylic bromination also occurs under these conditions but is generally not used because of the competition 
with bromine addition to the double bond; NBS bromination is the preferred method for carrying out allylic 
bromination. 


11. BENZYLIC OXIDATION REACTIONS 
А. ALLYLIC AND BENZYLIC ALCOHOLS 


I. Allylic and benzylic alcohols are oxidized selectively by a suspension of activated manganese(IV) dioxide, 
MnO). because they react much more rapidly than "ordinary" alcohols. (See Eqs. 17.34а-с, text p. 852 for 
the mechanism.) 

a. Primary allylic alcohols and primary benzylic alcohols are oxidized to aldehydes. 


o 
| H;C HC 
H CH, — OH H CH О 
‘ond nd сң—он —— 1н 
LA DEA SN с, . 
HC H НС H 
a primary an aldchy de a primary an aldehyde 
ally! alcohol benzyl alcohol 


b. Secondary allylic alcohols and secondary benzylic alcohols are oxidized to ketones. 


ra 0 
I НС нс 
н CHCH, 4 CCH; OH О 
X-d T у онн RA бс 
ГАД; сно, А: d 
HC H НС H 
a secondary an ketone 2 secondary an kefone 
ally! alcohol benzyl alcohol 


c. “Activated MnO,” is obtained by the oxidation-reduction reaction of potassium permanganate, 
KMnO,. with an Mn? salt such as MnSO, under alkaline or acidic conditions followed by thorough 
drying. 


H,0 
2H,O + 3MnSO, + 2KMnO, ——» 5MnO, + 2H,SOQ, + KSO: 


manganese 
dioxide 
B. OXIDATION AT THE ALLYLIC OR BENZYLIC POSITION BY CYTOCHROME P450 


1. The enzyme cytochrome P450 (CyP450) can catalyze the replacement of allylic or benzylic protons with 
hydroxyl groups. (Less commonly, other protons can also be replaced.) It is likely that a radical mechanism 
is operating (see Sec. 17.5B). 


нус HOH;C HC 
YA o CH; _CyPASO Tas CH3 + Low CHOH 


HC CH HC CH; HC CH, 


C. SipE-CHAIN OXIDATION OF ALKYLBENZENES 


1. Treatment of alkylbenzene derivatives with strong oxidizing agents under vigorous conditions converts the 
alkyl side chain into a carboxylic acid group. 
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о 
К;Сг0,, HS0; / 
heat N 


a. The benzene ring is left intact. 

b. The alkyl side chain. regardless of length, is converted into a carboxylic acid group. 

c. The conditions for this side-chain oxidation are generally vigorous: heat. high concentrations of 
oxidant, and/or long reaction times. 

d. Common oxidants are Na;CrO; (sodium dichromate), CrO, (chromium trioxide), KMnO; (potassium 
permanganate), ог О, and special catalysts. 

2. Oxidation of alkyl side chains requires the presence of a benzylic hydrogen: benzene derivatives with no 
benzylic hydrogens are resistant to side-chain oxidation. 


(X KMNO, == 
(СНз) —N 2-— CH; Tum ae (Снз);С = x— CO;H 
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SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


17.1 The allylic carbons are indicated with an asterisk (*). 


(b) 


(a) 
j - 
; ; $ ( $ "CH, 
17.2 The benzylic carbons are indicated with an asterisk (*). 


(a) (b) 
HC AUCH, 


° N 
HIC k 4 е y 


17.3 (a) The order of increasing 541 reactivity is (2) < (1) < (3). The rates depend on the stabilities of thc 
respective carbocation intermediates. One resonance structure for the carbocation intermediate in the 
solvolysis of compound (3) is a tertiary carbocation: the resonance structures of the carbocation 
intermediates derived from compounds ( 1) and (2) are secondary carbocations. 


«eq gy i-es 4—5 њо уон 


carbocation intermediate in the solvolysis of compound (3) 


Consequently. the carbocation intermediate derived from compound (3) is more stable. relative to the 
starting alkyl halide. than the intermediates in the solvolysis reactions of the other compounds. The 
intermediate in the solvolysis of compound (2) is least stable because of the electron-withdrawing polar 
effect of the oxygen. Note that an oxygen in the meta position cannot be involved in resonance: 
consequently. only its ratc-retarding polar effect operates. 


Note that the rates of S41 solvolysis reactions parallel the rates of electrophilic aromatic 
=> substitution reactions. Just as a methoxy group activates an aromatic substitution reaction at an 

ortho or para position. it also activates a reaction involving a benzylic cation at an ortho or para 
position. Just as a methoxy group deactivates aromalic substitution at a meta position, it also 
deactivates a reaction involving a benzylic cation at a meta position. 


(b) Тһе reactivity order is (2) < (3) < (1). The Syl reaction of compound (2) is slowest because the polar 
effect of the meta-chloro substituent destabilizes the intermediate carbocation. The reaction of 
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compound (3) is faster because the resonance effect of the para-chloro group partially offsets its polar 


effect. 
[ CH; CH; | 
Ni. As i 5-4 
+ =< Í 
BNE C 
L CH; CH; | 


carbocation intermediate in the solvolysis of compound (3) 


Compound (1) reacts mos: rapidly because the carbocation intermediate is not destabilized by the 
deactivating polar effect of a chloro substituent, which out weighs its resonance effect. 


17.4 The alkyl halide is the one that reacts to give the same carbocation intermediate, that is, a carbocation with the 
same resonance structures: 
-C7 + + 
(СНз):С — СН = СН, —— | (CH4;C — CH = СН. <-> (CH;),C = CH — CH; 
| 
@| the same carbocation intermediate 
that is involved in text Eq. 17.7 


17.5 The carbocation formed when trityl chloride ianizes. the trityl cation (Ph4C*), is stabilized by delocalization of 
electrons from all three phenyl rings. This carbocation has more resonance structures than the carbocations 
formed from the other alkyl halides in the table, and is thus so stable that the transition state leading to its 
formation also has very low energy: consequently, it is formed very rapidly. 


trityl chloride trityl cation 
(triphenylmethy! chloride) (triphenyImeth vl cation) 
17.6 The number of products depends on (1) whether all of benzylic or allylic positions are equivalent, and (2) 


whether the resonance structures of the frec-radical intermediate are identical. 


(a) _ All allylic positions of cyclohexene are chemically equivalent, and the two resonance structures are 
identical. Hence. only one allylic bromination product is possible. 


Br 
NBS 
—> <> —> 
cyclohexene frec-radical intermediate J-bromocyclohexene 
(starting material) (identical resonance structures) product 
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(b) The two allylic positions are nonequivalent. but only one has allylic hydrogens; hence. only one can 
react. The two resonance structures of the resulting free radical are nonequivalent: hence. two different 
products can be formed. 


Br 
NBS 
—> | | -——— | —- + 
S Br 
H;C CH, НС CH; HC CH, нс CH; HC CH; 
3.3-dimethyicyclohexene free-radical intermediate 6-bromo-3.3- 3-bromo-4,4- 
(starting material) dimethvlcsclohexene = dimethylcyclohexene 


products 


(c) — Trans-2-pentene has two distinguishable allylic positions. In cach of the allylic radicals thai results from 
hydrogen abstraction at the two positions, the unpaired electron is delocalized to two different carbons. 
(See Study Problem 17.1.) The abstraction of Н“ leads to two products, but abstraction of H” leads to one 
product. because the resonance structures of the intermediate free radical are identical (assuming that the 
double bond retains its trans stereochemistry). 


(d) A benzylic hydrogen is abstracted rather than a hydrogen of the tert-butyl group because а more stable 
benzylic frec-radical intermediate is obtained. 


(CH3)3C 202 CH; = = (CHC 202 CH, — > (CH,);C 202 CH;Br 


4-tert-butyItoluene free-radical intermediate 1-bromomethyl-4-tert-butylbenzene 


(e)  Abenzylic hydrogen is abstracted from the isopropyl group rather than a hydrogen of the two methyl 
groups because a more stable benzylic free-radical intermediate is obtained. 


CH, CH; CH, 
fe à / / 
ON CH —> ON с — ON св 
CH; CH; CH; 
l-isopropvl-4-nitrobenzene free-radical intermediate I-2-bromoprop-2-v1)-4-nitrobenzene 


17.7 (a)  Theinitially formed Grignard reagent undergoes a rapid allylic rearrangement; each Grignard reagent in 
the equilibrium can react with О-О. 


CH;MgBr CH; 
Sg m 
MgBr 
a CH; 
p 
D 


(b) Because the two Grignard reagents in rapid equilibrium are identical, only one product is obtained: 
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MgBr 
CH; CH; 
CL = 
MgBr 
identical 
|o 
«СНз 


ө! 
D 
17.8 (a) Although this alkyl halide has two chemically nonequivalent types of 8-hydrogens, an allylic hydrogen is 


more acidic than a nonallylic one: hence. the product is the conjugated diene derived from elimination of 
the allylic hydrogen and the bromine. 


H ——— this B-proton is abstracted 
by the base hecause it 


is allylic к* -ОС(ОНу - (> 


1,3-cyclohexadiene 


(b) Тһе benzylic proton is abstracted: -elimination gives a vinylic ether. 


OCH, 


| 
Qs 


(1-methoxyvinyl)benzene 
(a-methoxystyrene) 


17.9 Reaction with concentrated HBr can involve an allylic carbocation intermediate: consequently. a mixture of 
products. A and В. could be formed: 


HC H H HaC H 
Ee Na E OE. 
с=с ү -—* OH, + ams fn «E 
H сн, — ÖH H CH: — QH; 


trans-2-buten-1-ol 
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H.C } HC / 
С=с «——» +C—C + 
LZ" Ж /NN 9% 
E CH; H CH; 


Nalin, 
H CHB + нс бн — СН = CH; 


м 


:Вг: 
B 


Reaction of the tosylate with NaBr in acetone, in contrast. involves an S42 reaction: consequently. there is no 
reaclive intermediate. and only product A is formed. 


(b) 
O 
A [ 
A m O;N C — CH; 
(d) 


CH,OH 


17.10 (a) 


(c) 


| 
CH;CH;CH;C = C — CH 


H 


(b) (c) 
OH 
CH;OH 
d ИЫ S HOCH; OH 
M 


17.12 РСС oxidizes all primary alcohols to aldehydes and all secondary alcohols to ketones; MnO, oxidizes only 
allylic or benzylic alcohols (primary alcohols to aldehydes and secondary alcohols to ketones). 


17.11 (a) 


(a) | Both methods give the same product. 
О 


РСС 
an allylic alcohol ——9— OH 
0 
=. С) 
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not an allylic alcohol о 
L. eck 
“OO 


(b) 


MnO, ‚ 
no reaction 
(c) There is no reaction in either case. 
a tertiary alcohol PCC 
E no reaction 
j" 
S a UNAM 
CH; мою, 
no reaction 
(d) 
an allylic alcohol CH—O 
| РСС 
CH;OH oen 
HOCH; CH—0 
MnO; 
not an allylic alcohol HOCH; 


17.13 Oxidation hy CyP450 occurs at the benzylic position. 
(a) (b) 


HO 


gr. V 


17.14 Remember that once the benzylic hydrogen (or in this case, deuterium) is removed, resonance can put ће 
unpaired electron on either of two carbons. Due to the other deuteriums present in this compound. oxidation at 
either of the two positions will lead to different products. 
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DD D D 
H H H 
— 4» 
H H H 
D D D D 
D OH 0 
H H 
н OH 
D D D p" 
different products 
17.15 (a) 
1) KMnO,, "OH 
UE PEE 
p-nitrobenzyl alcohol p-aitrobenzoic acid 


(b) Тһе butyl group is oxidized because it has a-hydrogens: the tert-butyl group is not affected. 


FN CHCHCHCH ко, Os COH 
| Er 
"S 2) њо 
(CH3)3C (CH3;C 


I-buty!-f-tert-butylbenzene 4-tert-butyibenzoic acid 


17.16 (а) The oxidation product shows that compound A is an ortho-disubstituted dialkylbenzene. Only compound 
A = o-xylene is consistent with this analysis and with the formula. 


o 
CH; 


o-xvlene 


(b) Because one carbon is lost as a result of the oxidation. and because the benzene ring accounts for all four 
degrees of unsaturation. compound В must be ethylbenzene. 


" oma vigorous oxidation 
N / CHK, —————— E COH 


ethylbenzene benzaic acid 


17.17 (a) Vitamin A is a diterpene because it contains four isoprene skeletons. which are shown as heavy bonds. 
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Tue “ми “а N OH 


vitumin A 


(b)  Caryophyllene is a sesquiterpene because it contains three isoprene skeletons, which are shown as heavy 


bonds. 
н | 
3 caryophyllene 
H 


17.18 (a) A biosynthetic mechanism for limonene is as follows: (В: = a base.) 


A S = + 
| —— ——À + HB 
* CH; CH; 

7" CH “ен, 


:В 
ho limonene 


(b)  lonmzaton of geranyl pyrophosphate is followed by reaction with the pyrophosphate anion on the other 
electron-deficient carbon of the resonance-stahilized carbocation; rotation about a single bond is 
followed by ionization of pyrophosphate to give the desired carbacation. 


CH, [bop 


S 


geranyl pyrophosphate 


А C PPO: 
CH,  :QPP T. zz CH; 2CH, internal 
Due rotation 
— ж—> 
| | | 
+ ! Su 
CH; 3 ; "CH; "PP 
| | 
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17.19 


(a) | Geranyl pyrophosphate is converted into farnesyl pyrophosphate by a mechanism exactly analogous to 
the one shown in Eqs. 17.44 on text p. 863. Then farnesyl pyrophosphate hydrolyzes to farnesol: see text 
Eq. 17.45. 


> Dei 
QPP _,„ Sese fle, 
“GPP 


geranyl pyrophosphate 


H 
SoS В ОРР > $ H 
MK 2 ы » E ose dosi aid 


farnesyl pyrophosphate 


à (see Eq 17 46) 


2 2 ANH + HOPP 


farnesol 


(b) То see the new bond connections that have to be made, draw a-pinene in a planar projection. The 
projection on the left shows the molecule as it is in the text; turning this projection clockwise 120° in the 
plane of the page yields the second projection; and turning this projection over yields the third projection, 
which can bc rclated morc casily to thc carbocation in thc previous problem. 


new bonds 


a-pinene 


Here is the mechanism: 


us H 
——» ——» ——» + id 
*CH \ m 
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17.20 (a) 
cH, % cH, 0 
CH; сњ 
А В 


17.21 


Hs 
C D 
(b) If intermediate D is formed as part of a stepwise process, as shown in part (a). it would require that 
carbocation C, a secondary carbocation, exist as a discrete intermediate. However, it's energetically 


unfavorable that a secondary carbocation would form from a tertiary carbocation (B). Thus, a cencerted 
mechanism is more likely. where all bonds involved break and form simultaneously. 


A:- 
base in the enzyme active eo $ HC H 
CH, H 
CH; 


HC 


H CH, 


lanosterol 
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Solutions to Additional Problems 


The structure of the starting material is: 


HC H 
С=С trans-2-butene 
H ‘oH, 
(a) (b) 
meso-CH4CHCHCH; нё, M n 
H | с=с + CH,CHCH = CH; 


meso-2.3-dibromobutane H CHBr J-bromo-1-butene 


(E}-1-bromo-2-butene 


(c) (d) 
MgBr 
HC, P OH њо ^ | 
сс + CHCHCH— CH, С=С + CHj4CHCH == CH; 
H CH,MgBr 
H CH,0H I-buten-3-ol 
(E)-3-buten-ol 
(e) - 
H3C H р 
WT. | 
P + CH,CHCH = CH; 
H CH;0 


The structure of the starting material is: 


S 
4-methyicyclohexene 
CH; 
(a) 
Br Br 
Br Br 
+ 
CH; CH; 
(1R.2RAS)- (1.5.2.5,45)- 
1,2-а4ібгото-4- 1.2-dibromo-4- 
methylcyclohexane methylcyclohexane 
(and their enantiomers) 
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(b) 
Br Br 
Br Br 
E - E Е B 
Br Br 
CH; CH; CH; CH; CH; CH; 
3-bromo-4-methyl- 3-bromo-S-methyl- 3-bromo-6-methyl- 
cyclohexene cyclohexene cyclohexene 
(two diastereomers and (two diastercomers and (two diastereomers and 
their enantiomers) their enantiomers) their enantiomers) 
(c) 
OH OH 
us HO HO 
* + + = + 
OH OH 
6-meth y1-3-cyclohexenol 4-methyl-2-cyclohexcnol 4-methyl-2-cyclohexenol 
(two diastereomers and (two diastereomers and (two diastereomers and 
their enantiomers) their enantiomers) their enantiomers) 
(d) Asin the previous parts, all four stereoisomers of each compound are formed. 
MgBr MgBr 
BrMg BrMg 
- = С + + 
MgBr MgBr 
CH; CH; CH; CH; CH; CH; 


Don't forget that Grignard reagents undergo a very rapid allylic rearrangement (Eq. 17.23, 
text p. 847). 


(e) Asin the previous part. all four stereoisomers of each compound are formed. 


GE 
D D... 
* + E + - 
"i D D 
CH; CH, CH; CH; CH; CH; 


17.24 Compounds (a). (d). and (e) are terpenes. The isoprene skeletons are shown with heavy bonds. 


(a) 
HO 


ipsdienol 
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(b) Compound (b) is not a terpene. 


(c) | Modhephene is believed to be formed from a terpene by a skeletal rearrangement, but its terpene origin is 
not obvious from its structure. 


(d) 
[e] 
B-thujone 
(e) 
o 9 о 
н; 


periplanone В 


(f) Compound (f) is not a terpene. 


(a) XZoapatanol is a diterpene: the isoprene units are shown with heavy bonds. 
О HO 


H3 H;OH 


(b) 


an allylic alcohol 


о [9] 


О HO H 
E | 
2 — 12 | 
H3C О an „СНОН НС 0 ~ CH 


In reaction (1), the acidic conditions promote protanation of the alcoho! and ionization to a carbocation, which 
reacts in a Lewis acid-base association reaction with ethanol at the two nonequivalent electron-deficient 
carbons. (The mechanism. which is discussed in Sec. 11.2C in the text. is outlined below: fill in the curved- 
arrow notation.) 


OH но, p RA PE * 
T A дым Г CN MV EN t OP 


CH;CH;OH 
CH,CH;O OCH,CH, out 
> " nn Se 


In reaction (2), the carbon-oxygen bond is never broken: consequently. no allylic rearrangement can occur. 
This is a Williamson ether synthesis that involves formation of the alkoxide anton, which. in turn, is alkylated 
by ethyl iodide. (See Sec. 11.2A in the text: Problem 11.58 on text pp. 562 illustrates the same idea.) 
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OH мн O Na' снсн OCH;CH; 
T- umxr 3 OO | + Nal 
u. SS Su 


17.27 (а) Тһе allylic-rearrangement product В [(E)-I-bromo-2-hutenc] could Бе formed by ionization to a 
carbocation and bromide ion followed by reaction with the bromide ion on the other electron-deficient 
carbon. 

(b) Тһе curved-arrow notation is shown in the following scheme. 


:Br: 8 Y Br: 
+ + 
A d =” ue. «— e| ж» i ёл. 
3-bromo-1-butene (E)-1-bromo-2-butene 


(compound 4) (compound В) 


(c) | Compound В. the rearrangement product. is favored at equilibrium because it has the double bond with 
the greater number of alkyl branches. 


17.28 (a) 
NBS, 
peroxides Na’ “OCH, P 
PhCH; a PhCH;Br onon > hCH;OCH; 
henzyl methyl ether 
(b) 
NBS, оду 
peroxides Mg. ether 2) H0* 
PhCH; ————> PhCH,Br — — —»  PhCH,MgBr ———® — PhCH;CH;CH;OH 
4 
toluene 3-phenyl-1-propanol 


(c)  Inthe first set of reactions. note that ally! bromide is a particularly reactive alkylating agent. 


1) NaNH; 
2) BrCH;CH = CH; Lindlar catalyst 
CH4CHj,C == CH. ———————>_ CH,(CH,);C = CCH,CH = СН, —————> 
I-hexyne 
CH,(CH;)3C CH;CH— CH; 
Та À 
H H 


(Z)-1.4-nonadiene 


(d) 


о 
ZN 


ers Mg 2) H,0* 
> = CCl, K> Вг е L MgBr m 
K> сн,сн,он РС. K> CH,CH=0O 
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(e) 


1) KMnO, 7 


2) H;0* H;SO, 
OXF Qr mm Qo 


cumene m-nitrobenzoic acid 


(f) 
1) KMnO,, "OH 


О = 90) E r9 


cumene p-nitrobenzoic acid 


i 7 Compare the solutions to parts (e) and (f) and notice how reversing the sequence of the 
NV oxidation and nitration steps brings the directing effects of different substituents into play 
during nitration. 


(g) 
CH,0 


1) NaOH 
CHO = =. oo ja E 


1,2-dimethoxy-4-methylbenzene 


CH;0 сно 


MnO; 
CHO L CH;OH a сњо $a CH—0 


3.4-dimethoxy benzaldehvde 


Na* "SCH;CH 
et C-on 2085. (Do sous 


17.29 The compounds that give the most stable carbocation intermediates are the ones that undergo the most rapid 
solvolysis. This problem deals with the effect of substituent on the stability of the carbocation intermediate. 
The key is to analyze the balance of resonance and polar substituent effects just as you would for electrophilic 
aromatic substitution. The order of increasing reactivity is (4) < (1) < (3) < (2). Thus, compound (2) reacts 
most rapidly because the carbocation intermediate is stabilized by the electron-donating resonance effect of the 
p-methoxy substituent: 


ce 
сн:ў A» сону; —> | сн; eps: CH), <—> CHO 21052 C(CHy; |: 


As in electrophilic substitution. the resonance effect of the p-methoxy group strongly outweighs its electron- 
withdrawing polar effect. In compound (3). there is a similar resonance effect; however. the polar effects of 
halogen substituents outweigh their resonance effects. Consequently, compound (3) reacts more slowly. The 
nitro group exerts no resonance effect in the carbocation intermediates derived from compounds (1) and (4): the 
question is then whether its polar effect is stronger from the meta or para position. As in electrophilic aromatic 


(h) 
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substitution. a para-nitro group destabilizes a carbocation intermediate more than a mefa-nitro group because. in 
a para-nitro carbocation. positive charge is on adjacent atoms: 


:б:- Ee :б:7 :б:- 


+ + * Ck 
d 3/2 J 3/2 dM 3/2 LÓ 


positive charge is on 
adjacent atoms 
In the meta-nitro carbocation, positive charge does not reside on adjacent atoms. Consequently, the meta-nitro 


carbocation is more stable (or perhaps we should say Jess unstable) than the para-nitro carbocation, and 
m-nitro-fert-cumyl chloride solvalyzes more rapidly than p-niuo-fert-cumyl chloride. 


17.30 — Acid-catalyzed dehydration involves a carbocation intermediate; see Sec. 10.2 of the texi. The problem, then, 
really asks, "Which compound gives the most stable carbocation intermediate?" Compounds B and C both 
involve a p-methoxy substituent: the carbocation-stabilizing effect of this substituent in a similar situation is 
shown in Eq. 17.6. text p. 839. In the dehydration of А, the carbocation intermediate. a tertiary carbocation, is 
more stable than the carbocation in the dehydration of С, a secondary carbocation. The p-nitro carbocation is 
the least stable because the nitro group is an electron withdrawing, carbocation-destabilizing group. just as it is 
іп electrophilic aromatic substitution (and for the same reasons: see the discussion on text p. 814—815). 
Therefore. the order of increasing reactivity is А < € < B. 


17.31 The question is, essentially, "Which —OH group, when protonated and lost as water (Sec. 10.2A), gives the 
more stable carbocation?” Loss of the OH on the left gives a carbocation that is both tertiary and doubly 
benzylic. Loss of the OH on the right gives a carbocation that is secondary and singly benzylic. The choice is 
clear; the —OH group an the lefi is lost. 


this —OH group is lost because 
the more stable carbocation is formed 


OH 


| 
С \- C < № OH OH 202 OH == 


OH 


terfenadine 


C < y- сњонснин 202 ссн, 


OH 


dehydration product 
17.32 Тһе solution to this problem, like the previous three solutions, hinges on an analysis of the relative stabilities of 


the carbocation intermediates involved in the Sql reactions of the two compounds. The carbocation 
intermediate in the solvolysis of compound A is resonance-stabilized: 
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The carbocation intermediate involved in the solvolysis of compound В is not resonance-stabilized. and in fact 
is somewhat destabilized by the electron-withdrawing polar effect of the oxygen. The greater stability of the 
carbocation derived from compound A results in a greater solvolysis rate. 


The fact that benzoic acid is obtained by chromic acid oxidation shows that all compounds contain a 
monosubstituted benzene ring. The NBS reaction is a benzylic bromination, and the alcohol produced by 
solvolysis of the resulting bromide must be tertiary. since it cannot be oxidized with CrO, and pyridine. The 
structures of compound A. B. and C are therefore as follows: 


Br OH 


| | 
2 CH(CH;); C(CH3); C(CH3; 
2) o c 


А! В С 


Compound A has an unsaturation number of 5. Because it ultimately affords phthalic acid. it is an ortho-disub- 
stituted benzene derivative. The enantiomeric resolution and oxidation results show that compound C is a chiral 
secondary alcohol. and the a-carbon of this alcohol is the asymmetric carbon, because conversion to a ketone 
destroys its chirality. Compound С, in tum, arises from solvolysis of B, a product of either allylic or benzylic 
bromination. Because A contains a benzene ring, the formation of compound В is probably a benzylic 
bromination. A by-product of the formation of compound С is compound D. presumably an alkene. because it 
can be hydrogenated back to compound А. The only way to accommodate all of these data is for the additional 
degree of unsaturation in compound A to be due to a ring. Structures of all compounds that fit these data are as 


Oo OD OD CO OO 


The following structure for compound А is ruled out because it would give a tertiary alkyl halide, which, in 
turn, would give a rertiary aicohol on solvolysis: a tertiary alcohol could not be oxidized to a ketone. 


| CH; 


Alkyl halides with allylic or benzylic 8-hydrogens undergo more rapid E2 reaction because the allylic or 
benzylic hydrogens are more acidic than ordinary hydrogens (See Sec. 17.3B in the text.) Because compound А 
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has allylic 8-hydrogens and compound B does not, the E2 reaction of compound A is faster. and this reaction 
proceeds in the following manner: 


[~~ :QC(CH,); 


н ——— ^ LLI 
Ws : Con + HQC(CHj; + Br” 


In the presence of excess base this reaction does not stop here but would undoubtedly give the 
following anion as a product. Can you sce why? Can you give a curved-arrow mechanism for 


this transformation? 
Oa 


The greater А max value indicates the formation of a species with more extensive conjugation. Protonation of the 
hydroxy group and loss of water gives this species. which is 


нН:80, _ ee 
Opera О) а Суан 


benzyl cation 
Атау ^ 342 nm 


First. examine each structure and determine if it is optically active or not. Then. since MnO, oxidizes allylic 
alcohols and benzylic alcohols selectively. identify the structures containing one or more allyl alcohol groups. 
Then draw the corresponding structures that would result from oxidation by MnO.. 


x Mn , 
А mirror plane ——= : o OH Е... 78 no reaction 


(optically inactive) 


allylic ——— OH 


alcohol 
Mo; optically 
inactive 
OH 
M ically 
с^ = o po 
active 
[6] 


C 
__ allylic 
— alcohol 
MES 
D mirror plane —„ .. „. allylic _Мп0: optically 
(meso and alcohols inactive 
optically inactive) 
OH 
OH о 
/ 
E allylic MnO: optically 
à alcohols inactive 
OH 
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(а) — Structures B and E are optically active compounds and are oxidized by MnO; to optically inactive 
compounds. 

(b) Structure C is an optically active compound that is oxidized by MnO, to an optically active compound. 

(c) — Structure D is an optically inactive compound that is to an optically inactive compound. 

(d) — Structure A is а compound that is not oxidized by MnO;. 


17.38 
Val A 
PO \ “a 
Ғе“ — 
j 
Br 
Cy P450 
17.39 (а) 


7 T 
НС H IPP DMAP isomerase H,C 


| ( lalyst N 
Уф cH, — opp eB, C —CH — CH; — OPP 


/ / 
н;С a | НС 


A 


A—H 


(b)  Inan SyI-like mechanism, the pyrophosphate leaves producing а resonance-stabilized allylic carbocation 
which is attacked by water and deprotonated to yield linalool. 


HC HC нс 
p or =" PU ^ Atty 


Ur 


geranyl pyrophosphate allylic carbocation њо 
AC 
H ge 
HC о-н нс OH 
—> 
uM РУ uM — 
linalool 
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(c) There are two potential places where the epoxide could form: at either the trisubstituted alkene or at the 
monosubstituted alkene. Inspecting compound 8 shows you that the monosubstituted double bond still 
exists intact, so the epoxide must have formed at the trisubstituted alkene (compound A). Compound A 
then undergoes an intramolecular cyclization, and К^ transfers yield product В. 


ge Гы, 
HC он CyP450 H«C OH HO CH; 
Jae == 24.262 О 
MC Ch; | 05 | HC Ch; | 
linalool А H ux 
2 В 


17.40 (a) А deuterium-labeled compound, such as the one below. could be used to establish that a reaction took 
place via inversion. If the product had the opposite configuration as the starting material. then it could be 
deduced that the mechanism proceeded by inversion. or an S42 mechanism. 


pu PX 
PF 

on — Ó ae 
Б: iA) OPP 89 sy OH 


geranyl phosphate geraniol 


(b) — As noted in Sec. 10.9В. alcohol dehydrogenase catalyzes the removal of the pro-R hydrogen of ethanol. 
It can be deduced that the pro- 8 hydrogen of geraniol produced in part (a) would also have its pzo-A 
hydrogen (in this case. the deuterium) removed by the enzyme. Thus. if the geraniol product in part (a) 
was oxidized by the enzyme the aldehyde produced would contain deuterium. 


HC HD Hc о 
? 
S See (OH — М M D 


geraniol 
( Alternatively, if you chose to begin with the S-deuterium-labeled gernayl phosphate in part (a), then the 
product geraniol would be А, and the product of oxidation by alcohol dehydrogenase would лог contain 


deuterium.) 


17.41 (a) 


CH; Он, 
HO + 7x ES OPP = R6 —» OPP 


geranyl pyrophosphate SAM 


—- Муч + ЗУ + ЊО" 


2-methylgeranyl pyrophosphate 


(b) When trying to solve prohlems like these. especially with structures containing rings, i's always a good 
idea to number carbons when trying to figure oul the nature of the transformation that occurred. In this 
case, the numbers are arbitrary and have nothing to do with nomenclature. Since we need to take this 
linear molecule and form one containing two rings, we should begin with an intramolecular reaction. The 
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-OPP group is a good leaving group. so use one of the alkene double bonds as a nucleophile. Неге. we're 
joining C-2 with C-7, as numbered below. and forming a six-membered ring. 


pommes 
ае: ыш 


The intermediate formed as a result of this intramolecular reaction leaves a positive charge behind on C- 
1. Since a second ring must be formed. we can form a bond between C-5 and C-1. This leaves а 
carbocation at C-6. which can then be attacked by water and deprotonated to yield the product. 


First analyze the relationship of the isoprene skeletons. Then use steps like the ones shown in Eqs. 17.44— 
17.46. text pp. 863. to assemble the parts from ІРР and DMAP. Start with famesyl pyrophosphate, the 
biosynthesis of which is shown in the solution to Problem 17.19(a), text p. 864. Note that B: = a base. 


OH 


farnesyl pyrophosphate 
biosynthesis is in the 
solution to Problem 17.19(a) 


eudesmol 
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А different arrangement of isoprene units in eudesmol can also be envisioned: 


eudesmol 
(alternate arrangement 
of isoprene units) 


| Он 


A biosynthetic scheme based on this arrangement would be an equally correct answer. An isotope- 
labeling experiment would he required to distinguish between the (wo arrangements. 


17.43 Compound A can be protonated at the "upper" double bond to give a tertiary carbocation X, which serves as the 


electrophile in a Lewis acid-base association reaction with the "lower" double bond to give a carbocation Y. 
Loss of acetone gives intermediate В. 


dT. 
H H 
„== B + =" 
OH Su: 
A X 


CH; :0: 
i + *BH 
a в” FT t A 
Kk JJ ы | каал acetone 
CH; 
ү В 


The conversion of a tertiary carbocation X 10 а secondary carbocation Y is driven by the replacement cf a m 
bond by a c band. and ultimately by the loss of the very stable molecule acetone. 

Compound B protonates to give carbocation Z. which rearranges to a tertiary carbocation. This carbocation 
undergoes a Lewis acid-base association with water to give geosmin after loss of a proton. 


CH; CH; CH; 
| — B + H —— “ӧн 
H--B Ё 
CH; CH; chh H 
B Z 
сн, 
— * H—B 
HO— H :В HO: 
CHS | = CH; 


geosmin 


17.44 (a) Although the conjugate-base anion of |,4-pentadiene is doubly allylic and resonance-stabilized, the 
conjugate-base anion of 1.3-cyclopentadiene is in addition aromatic. (Sce text pp. 767-768 for a 
discussion of this case.) Consequently. much less energy is required for the ionization of 1,3- 
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17.45 (a) 


(b) 


(c) 


(d) 
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cyclopentadiene, and its pK, is therefore much lower. (The pK, difference between these two 
compounds is estimated to be 10—15 units.) 

The carbocation intermediate in the solvolysis of 3-bromo- 1,4-pentadiene is doubly allylic and therefore 
resonance-stabilized. Consequently. formation of this ion is relatively fast. Although the carbocation 
intermediate that results from the ionization of 5-bromo-1,3-cyclopentadiene appears to be doubly allylic 
and resonance-stabilized, it is in fact a cyclic system of 4л 7 electrons, and is therefore antiaromatic and 
particularly unstable. Consequently, this ion does not form. (Problem 15.67 on text p. 783 also deals 
with this case.) 

Two allylic Grignard reagents are in equilibrium, and. each reacts with DO. 


MgBr 


| 
H.C = CH— CH= СН — CH;MgBr === Н,С = СН — CH— СН == СН; 


[rs (о 


H,C=CH—CH=CH—CH,D + LUE UU E 
D 


(Note in this and the following part that a third product resulting from allylic rearrangement of the 
Grignard reagent is identical to the first.) 


Two allylic Grignard reagents are in equilibrium, and cach reacts with ethylene oxide: 


MgBr 


| 
HjC— CH— CH=CH — CHMgBr =—= Н,С = CH— CH— CH = CH; 


nly 1A 
2) H40* | 2) H,0" 


CH;CH;OH 


This is an S42 reaction of the ethanethiolate anion; because there is no reactive intermediate, only one 
product is formed: 
C;H;SCH; H 
c=C 
A N 
H CH(CH3; 
(£)-1-ethyIthio-4-methyl-2-pentene 


In the absence of a good nucleophile, the allylic bromide undergoes a slow S41 ionization. and ethanol 
attacks the two electron-deficient carhons of the resonance-stabilized carbocation to give two 
constitutionally isomeric ethyl ethers. 


C;H.O ia CH, — СН = CH — CH(CH3); ini CH; =CH— CH — CH(CH3); 
| 
OCH; 


be Fo dii beiec «m pem or c' me pobre: усы rd ane or nhi mera pia viui frig // peupe pamat Duedue tdu -'cudon rac hir 


536 CHAPTER 17 • ALLYLIC AND BENZYLIC REACTIVITY 


(e) Тһе unpaired electron in the free-radical intermediate is shared between two chemically nonequivalent 
carbons: two corresponding products are formed. 


Br 
Aa 
@ Re 
Вг 


(f) Тһе observed product is derived from substitution of the tertiary benzylic hydrogen. This substitution 
involves a tertiary benzylic free-radical intermediate. whereas substitution of a p-methyl hydrogen would 
involve a less stable primary benzylic free-radical intermediate. 


Br 


-— | 
4e 2- C(CH3); 


(g) Тһе dihromide formed in :he bromine-addition reaction undergoes two successive E2 reactions to give 
naphthalene, an aromatic compound. Both eliminations involve benzylic protons. and the final one is 
driven by aromaticity of the product. 


ме Вг 
өө! = 
- 
ethanol 
Br 


naphthalene 


(h) This product results from protonation of the alkene at the terminal carbon, because this gives the most 
stable carbocation intermediate. In this example. the 1.2-addition product not only is the more rapidly 
formed (kinetic) product hut also is the more stable (thermodynamic) product. It is more stable 
thermodynamically because it is the only product that has a double hand conjugated with the benzene 
ring. 


Br 


= | 
K J H= oor, 


(i) All benzylic carbons—even the ones in the ring—are oxidized to carboxylic acid groups. 
CO;H 
CO;H 
COH 


1.2.3-benzenetricarboxvlic acid 
(hemimellitic acid) 


17.46 (a)  Propargylic Grignard reagents, like allylic Grignard reagents, are an equilibrium mixture of two 
constitutional isomers. Each reacts with HO. 
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CH4CHj,— CES C — CH;-- MgBr ===  CH4CHj4C = C — CH; 


im : 
Буя мевг\. н. f бн 


| | | 


CH,{CH;); —C==C—CH, + снусндус=Сс=бн; + BrMg—OH 
| 
H 


(b) Protonation of the triple bond gives a resonance-stabilized vinylic cation which is attacked 
intramolecularly by the oxygen of the —OH group. (H—OTs = p-toluenesulfonic acid; see text p. 443 


for its structure.) 


# 
Ph—C==C—CH,CH,—GH ——» Ph—C=CH—CH,CH,—GH —» 
Бе 


(c) А hydrogen on the central carbon is more acidic than an acetylenic hydrogen because the conjugate-base 
anion resulting from removal of the central hydrogen is both allylic and propargylic, and is therefore 
doubly resonance-stabilized. The conjugate-base anion is alkylated by allyl bromide. 

"4 

:Br — CH;— CH=CH 

Nat 2 ge CH=CH, 

H.C=CH—CH—C==CH ==> H,C=CH—CH—C=CH ——>» H,C=CH—CH—C=CH + Ма“: 

| = 


c 


a resonance-stabilized anion 


H 
ieee њи a 
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In the resonance structures of the anion intermediate, the negative charge is delocalized to two cther 
carbons. (Draw these structures.) While the mechanism above shows why the indicated product is 
reasonable, it does not explain why products derived from the other possible resonance structures are not 
observed (or reported). 


(d) — Pratonation of the alcohol and loss of water give an allylic carbocation that can react with ethanol at 
either of two clectron-deficient carbons to give a mixture of two constitutionally isomeric ethyl ethers. 
The following mechanism begins with the protonated alcohol. 


CH; ù : " 
Os. ее [ecc дщ + 9% 
C 


|  HÖCH; 
H Hc 
CH CH À z 
CK —Í[ X A C;H.Q 
осн; а D- CH => D CH; 
+ H 
+ HOCH ex : 
00% нбс, + нӧсњ 


(e) Тһе carbocation formed Бу protonation of the —OH group and loss of water adds to a neighboring 
double bond to give a new carbocation: this carbocation adds to a neighboring double bond to give yet 
another carbocation: and so on. until the product is formed by the reaction of water with the last 
carbocation. The mechanism below begins with the protonated alcohol: 


<=> | —+ 


i + HÖ 
9 —» —> 
dm = 
5 РА 
ӧн ӧн 
H + 
==» + HO: 
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The reaction in part (e) forms a steroid ring system. (See Sec. 7.6D of the text.) Conceptually 
=> similar cyclization reactions are involved in the biosynthesis of steroids. 


(f) | The formation of a cyclopropane suggests the intermediacy of the following carbene: 


(CH3;C = C = C: 


This carbene is formed by loss of chloride ion from an acetylenic ion. The carbene then adds to 
cyclohexene to give the cyclopropane. (See Eq. 9.75, text p. 434.) 
f^, 


4 \ .. P ^N 
(СНз) С —C==C+H—,_ —» HOC(CH,), + (CHj&C tcc ——»- (CH; C = С = С: 
| ":0с(Снз), uw x 
{Ж "C + ET 


(CH). c VS —=+ (CH)),C -c-c{ ) 


17.47 (a) Formation of a resonance-stabilized propargylic anion (that is. an anion that is "allylic" to a triple bond) 
is followed by protonation at the internal carbon. Formation of another resonance-stabilized anion 
followed by protonation gives the 1-alkyne, which is the most acidic species in the reaction mixture. 
Consequently. its conjugate-base anion is formed irreversibly. and all equilibria are thus pulled toward 
this anion. The net result is migration of the triple bond to the end of the carbon chain. 


: Ar 
= 


He :B 
2 а z 
HC C=CCHCHCH а= | HÉ— CE CCH,CH,CH, -—— нб=с=@сн,онун, | qye 


He B AT 


f 2 = ЕЧ М 


/ 
B:=——H + C=C —CH,CH,CH,CH, ж ~=C==C—CH,CH,CH,CH, + B—H 


Addition of water to the reaction mixture gives the l-alkyne. Thus. the reaction shown here 
followed by addition of water results in the migration of a triple bond from an intericr position 
to the [-position of a carbon chain provided there are no branches. It has been shown that the 
triple bond migrates with equal frequency to both ends of the chain. 


You might ask why a l-alkyne is more acidic than a propargylic hydrogen when the conjugate-base 
anion of the latter is resonance-stabilized, and an acetylenic anion is not. This is a reflection of the effect 
of hybridization on acidity discussed in Sec. 14.7A of the text. A doubly allylic hydrogen is more acidic 
than an acetylenic hydrogen, but a singly allylic hydrogen is not. 


(b) Тһе question is whether the triple bond migrates to the end of the carbon chain nearer to the methyl 
branch or to the end of the chain farther from the methyl branch. Once we consider the mechanism 
shown in part (a). the answer becomes clear. The migration of the triple bond occurs away from the 
methyl branch. because the mechanism of the reaction requires a stepwise migration of the triple bond. 
and a triple bond cannot form at a carbon that bears a branch because a carhon have no more than four 
bonds. 
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triple bond cannot form 
between these two carbons 


” В:- = 
a d —(Qu6— CH;CH;CH; NETT жуй —C=C 
CH, [see part (a]] CH; 


3-methyl—Loctyne 


17.48 This reaction, like the one in the previous problem, is a "zipper" reaction brought about by a series of acid-base 
equilibria. In this сазе, however. the equilibrium is not driven by ionization of the product. because all C—H 
bonds are less acidic than tert-butyl alcohol. Instead, the equilibrium lies to the right because the product is 
more stable than the starting material. This. in turn. is so for two reasons: (1) because the double bonds in the 
products are conjugated with the benzene ring and the double bond in the starting material is not; and (2) 
because the double bond in the product has more branches than the double bond in the starting material. 


gm. Nm і \ 
j| `+фс(сну, (CH3) CO H~ 
Ph —CH — CH=CH, => | Ph — & - cu éh, 


| se 


double bond is пог ~?QC(CH;); + Ph—CH=CH—CH, 


2 
Ph —CH=CH—CH, | ==> 


conjugated and has 
one branch 


double bond is 


conjugated and has 
1wo branches 


17.49 The equilibrium lies to the right because the double bond has four alkyl substituents whereas. in the starting 
material, it has three. Recall that alkyl substitution at double bonds is a stabilizing effect (Sec. 4.5B in the text). 
The mechanism involves simply protonation of the double bond to give the benzylic cation and loss of a proton 
to give the product. 


Ка Ph Ph (Cs Ph 
CH; " H CH; Я 
«— H CH; - + н— 078 


17.50 (а) Solvolysis reactions are faster when the carbocation intermediate is stabilized. The only difference 
between compounds A and B is the presence of the nearby double bond in A, so we can conclude that this 
feature must stabilize the carbocation. If we consider resonance, then intermediate A has additional 
resonance structures that intermediate B does not, making A more stable. A more stable intermediate 
results in a lower activation energy, and a faster rate (see Sec. 9.6B and Sec. 17.1) 


ho pasl ihh (anu a! ms be un aaded ox c t. [ed ерии pee <ir ch he pb yeu dave ча nites mar as, please vit hito //oeopte paramai y pudu edu- пез іе 


17.51 


SOLUTIONS TO PROBLEMS + CHAPTER 17 541 


H 
+ 
+ Na’ Aco” 5с <> я> cr 
+ 


A 
resonance stabilized intermediate 
H j H 
+ 
*W AD ut xd 
B no resonance 


stabilization 


(b) The retention of stereochemistry seen in reaction A can be attributed to the structure of the carbocation 
shown in the answer to part (a). One side of the carbocation is blocked by the presence of the pi electrons 
of the double bond. The electrons interact with the left-pointing lobe (as drawn) of the p-orbital, leaving 
only the right-pointing lobe available to accept the incoming nucleophile. 


lobe partially filled 


(a) 
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(b) 
4 Ме 
Me Ну 
p 
Me 
— > - в 
AcO AcO Он 
Ме Ме 


OH OH 


LU 
H 
AcO AcO p AcO 


17.52 (a) CyP450 oxidizes compounds at their benzylic positions (see Sec. 17.5B). Compound A is: 


nicotine A 


(b) 


"o к i Eod. E 


17.53 From the structure of the Diels-Alder product C, compound В must be the conjugated diene 2-chloro- 1,3- 
butadiene. Because compound B is an allylic rearrangement product of compound A, compound A must be the 
allene 4-chloro-| .2-butadiene. (Note that 1-chioro-1,3-butadiene would not give the same Diels-Alder product.) 


Cl Cl 


e. | | 
n = HC = CH — C = CH, HC — СН = С = CH; 


4-chloro-1,2-butadiene 
2-chloro-1.3-butadiene compound A 
compound В 


17.54 (a) Тһе stability of the trityl radical is due to delocalization of the unpaired electron into all three benzene 
rings. 
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(b) 


(c) 


(a) 


(b) 
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Hexaphenylethane could be formed by the recombination of two trityl radicals: 


hexaphenylethane 


543 


Hexaphenylethane is destabilized by van der Waals repulsions between gauche pairs of phenyl groups. 


severe van der Waals repulsions 


This destabilization is evidently so great, and the drive for recombination so powerful. that aromatic 
stability in one of the benzene rings can be sacrificed in forming the dimer shown in part (c). 


The dimer of the trityl radical is formed by the following mechanism: 


^ Г) Ho 
РС Gh o» cL CPh, 


The triphenylmethyl anion (trityl anion) is stabilized by resonance interaction with all three henzene 
rings: 


Wan, «— C 2-0 <_—> тапу other struciures 


The resonance interaction shown in part (a) is optimized if the three rings are coplanar; when the rings 


are coplanar, overlap is optimum between the 2p orbitals of the central carbon and those of the rings. 


However, when the rings are coplanar, there are significant van der Waals repulsions between hydrogens 


on different rings: 


Ui gd —- severe van der Waals repulsions 


HH 


These van der Waals repulsions force the rings in the triphenylmethyl anion to twist significantly away 


from coplanarity, with a resulting cost in orbital overlap. (The molecule resembles a molecular 
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"propeller.") In other words, in the triphenylmethyl anion. conjugation is not as effective as it would be if 
the rings were all coplanar. In fluoradene, the hydrogens that are the source of these repulsions are 
replaced by bonds that constrain the rings to coplanarity. The resulting increase in orbital overlap brings 
about a concomitant increase in stabilization of the anion. As a result, the pK, of the conjugate acid is 
lowered significantly relative to that of triphenylmethane. The conjugate-base anion of fluoradene is 
really the "ultimate benzylic anion." 


Section 7.8C shows that anti stereochemistry is one of the major pieces of evidence that a bromonium :оп is 
involved in bromine addition to alkenes: similar conclusions hold for chlorine addition. The text also shows 
that a mechanism involving carbocation intermediates predicts mixed syn- and anti-addition (Eq. 7.38. text p. 
312). 

This problem deals with the competition between the lwo mechanisms: one involving а cyclic chleronium 
ion intermediate and the other involving a carbocation intermediate. The loss of stereoselectivity is evidence 
for the involvement of a carbocation intermediate. When the carbocation intermediate is resonance-stabilized 
(last two entries in the table). it is stable enough to compete energetically with the chloronium ion as a reactive 
intermediate. When R = p-methoxyphenyl, the carbocation intermediate is further resonance-stabilized by the 
para substituent. (See, for example. Eq. 17.6 on text p. 839.) [n this case, the carbocation intermediate is stable 
enough. and the carbocation mechanism thus important enough. that nearly complete loss of stereoselectivity is 
observed. 


Compound A is a benzylic bromination product, and it appears that compounds B and C are Spl products, each 
derived respectively from reaction of one of the nucleophiles present with а carbocation intermediate derived 
from A. Recall that Syl reactions are generally accompanied by El reactions: hence. it is reasonable to suppose 
that MPTP is such a product, namely. an alkene. The molecular formula of MPTP. Cj;H,5N. indicates an 
unsaturation number of 6. Because five unsaturations are accounted for by the two rings in the starting material. 
the formula is consistent with the hypothesis that MPTP is an alkene. 


Br 
woe, а = 
N— Ch; — (S ON — CH, ә compound B + compound C 


| E1 (abstraction of a 6-proton by a base 


compound 4 


MPTP 


(a) Fact (2) indicates that the transition state involves a molecule of (C)Hs);NH and a molecule of alkyl 
halide. Fact (2) indicates that the indicated starting materials undergo the reaction shown: had tàis not 
been established, one could have postulated that one of the starting alkyl halides is converted into the 
other by the reaction conditions. and that the observed product could have originated from only one of 
the two starting compounds. Fact (3) establishes that the observed product is the actual product of the 
reaction, and is not derived from a subsequent reaction of its allylic isomer. 
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Now to the mechanisms. In the reaction of the second alkyl chloride an allylic rearrangement has 
occurred. Such allylic rearrangements generally suggest the involvement of carbocation intermediates, 
which have two resorance forms, and can be attacked at two different carbons. However, the 
observation of second-order kinetics rules ош an Syl reaction. Hence, the reaction is evidently a direct 
substitution at the allylic carbon. thus: 


E 


4 m y». b * . 
(С.Н:),МН H;C -—H-—GH— CH; — F (C;H4);NH жй Сн, — CH=CH — CH; + cC 


This concerted allylic substitution mechanism has been termed the §y2° mechanism. The other isomer 
reacts by the convent:onal S42 mechanism. in which the nucleophile reacts at the carbon bearing the 
halide. 

(b) Тһе large size of the nucleophile dictates that its attack occurs at the unbranched carbon to avoid van der 
Waals repulsions. In one case. this is the allylic carbon: in the other, it is the a-carbon. 


Imagine. in the transition state of the Sy?’ reaction, that the three carbons that either start or finish the reaction 
as part of a double bond. as well as the atoms attached to these carbons, lie in a common plane with the 
nuclcophile and the leaving group either above or below this plane. Placing all groups with their stereochemical 
configurations corresponding to those of the reactant and the first product shows that approach of the 
nucleophile and departure of the leaving group occur from the same face of the plane. Hence, the major product 
is formed by a syn-substitution, that is, a frontside substitution. 


gives the А enantiomer o 
of the product (C2Hs)2NH б comes from the А enantiomer 


of the starting material 


Note that the product is a srans-alkene with R stereochemistry at the asymmetric carbon. The minor product, a 
cis-alkene with S stereochemistry. also comes from a syn-substitution in which attack of the nucleophile and 
loss of the leaving group bath occur from the lower face of the same plane. In order for this to happen. the 
transition state must adopt a conformation that leads to the cis-alkenc. (You should demonstrate this to yourself 
with a diagram like the one above.) Because frans-alkenes are more stable than cis-alkenes, the "transoid" 
transition state—the one shown above—is more stable and accounts for 95% of the reaction. However. the 
point is that both products result from syn-substitution. You should show that if the nucleophile and leaving 
group were situated on opposite faces, the А enantiomer of the product would have a cis double band and the 5 
enantiomer of the product would have a trans double bond. a result not consistent with the observations given in 
the problem. The syn stereochemistry observed in the S42' reaction contrasts with the stereochemistry of the 
S42 reaction. which is an anti-substitution: that is, attack of the nucleophile and loss of the leaving group occur 
from opposite sides of the molecule. (See Fig. 9.2 on text p. 395; note the relationship of the nucleophile and 
the leaving group with respect to the plane shown in color. 


16124 талу be voloeded ot dni 7 Валео methot perm o or mes 0 Vycu rd ane o nmh plea ves -s 


The Chemistry of Aryl Halides, 


Vinylic Halides, and Phenols 
Transition-Metal Catalysis 


STUDY GUIDE LINKS 


LT 18.1 Contrast of Aromatic Substitution Reactions 


The name "aromatic substitution" may suggest some connection to the reactions vou studied in 
Chapter 16. such as nitration. halogenation. sulfonation, etc. Other than the fact that a group is 
replaced on an aromatic ring. nucleophilic aromatic substitution and electrophilic aromatic 
substitution have little in common. In electrophilic aromatic substitution, an electrophile, or Lewis 
acid. reacts with the benzene 7 electrons. and a proton is lost from the benzene ring. In nucleo- 
philic aromatic substitution. a nucleophile, or Lewis base. reacts at a carbon of the benzene ring 
and a halide is lost from the benzene ring. 

Electrophilic aromatic substitution involves introduction of electron deficiency (and positive 
charge) into the benzene ring. Nitro groups and other electron-attracting groups destabilize this 
charge and thus retard the reaction. Nucleophilic aromatic substitution involves introduction of 
more electrons (and negative charge) into the benzene ring. Nitro groups and cther electron- 
attracting groups stabilize this charge and thus accelerate this type of reaction. 

Notice that substitution, like addition, is a type of reaction that can occur by a variety of 
mechanisms. The word substitution by itself conveys no information about mechanism. Thus, a 
substitution can occur by a concerted (Sy2) mechanism, an ionization (Syl) mechanism. a two- 
step nucleophilic mechanism (as in nucleophilic aromatic substitution), a two-step electrophilic 
mechanism (as in electrophilic aromatic substitution), a free-radical mechanism. or (as shown in 
Secs. 18.5-18.6 of the text) other mechanisms. The mechanism that operates depends on the 
reactants and the reaction conditions. Students sometimes forget this point and assume that the 
word substitution means “Sx? reaction.” because that is the first substitution reaction they learn. 
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LM 18.2 The Cumene Hydroperoxide Rearrangement 


The formation of phenol and acetone (Eq. 18.103 on text p. 933) is an acid-catalyzed rearrange- 
ment of cumene hydroperoxide. This Study Guide Link discusses the mechanism of this reaction. 
In the first step of the mechanism. an oxygen of the hydroperoxide is protonated: 


çh CH; 
| 
"i ares n => Pr—C—CH, + :ӧн, 
„эт, |, . 
:0— OH H— OH; 0— он, 


We'll now treat the rearrangement as if it were a stepwise reaction. Loss of water gives an 
electron-deficient oxygen, the oxygen analog of a carbocation. Rearrangement occurs to give a 
much morc stable resonance-stabilized carbocation. (The electron-deficient oxygen structure is so 
unstable that loss of water and the rearrangement undoubtedly take place in a concerted manner.) 


CH, CH; Сн; CH; 
и жол —- тсс ж :6—0 4 — m 
Q7 0H; to* :Q—Ph *Q—Ph 
V + :ÜH, a resonance-stabilized carbocation 


This rearrangement is very similar to the rearrangement that occurs in the oxidation of 
organoboranes, the mechanism of which was discussed in Further Exploration 5.1 in this manual. 
The Lewis acid-hase association reaction of water with the carbocation gives a type of 
alcohol known as a hemiacetal. 
CH, CH, CH, 
"A и Hu 
H20: +C— CH; — H;0 —C—CH; - 
| T^ 
:QPh :OPh :ОРһ 


ер | " 
rA om + H;O —H 


a hemiaccta! 


You should now be able to camplete the acid-catalyzed conversion of the hemiacetal into phenol 
and acetone. Start by protonating the oxygen of the PhO— group. What has to happen next to 
form phenol? Finish the mechanism to give acetone. 


FURTHER EXPLORATIONS 


18.1 The Fries Rearrangement 


There's more to the Friedel-Crafts reactions of phenols than meets the eye. It turns out that phen- 
ols react with acid chlorides to give phenyl esters: this is a reaction you'll study in Chapter 21. 


phenol a pheny! ester 
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(Acid chlorides are electrophiles in this reaction just as they arc in the Friedel-Crafts reaction. The 
phenol oxygen. like the aromatic ring, is a source of electrons because of its unshared pairs.) In the 
presence of AlCl;—the catalyst used in Friedel-Crafts reactions—phenyl esters rearrange to 
ketones: 


O—C—R 1) АС OH OH 


This reaction, known as the Fries rearrangement, can be clearly demonstrated because phenyl 
esters, which can be prepared as pure compounds in the absence of AICI;, can be shown to 
rearrange when treated with AICI. The products of the Fries rearrangement. as you can see, are 
exactly what would be expected from a direct Friedel-Crafts reaction. Hence. the “Friedel-Crafts 
reaction" of a phenol almost surely involves ester formation followed by the Fries rearrangement. 
or a combination of the Fries rearrangement and a direct Friedel-Crafts reaction. In any event. the 
end result is as if a Friedel-Cratts reaction had taken place directly. 

It is interesting that the “Friedel-Crafts reactions" of phenols in many cases give significant 
amounts of ortho-substituted products. These can be separated from the para isomers by appli- 
cation of the principles of hydrogen bonding. The ortho isomers contain intramolecular hydrogen 
bonds: 


0—H 
| —— an intramolecular 
А hydrogen bond 
C 27 0 
| 
R 


Such intramolecular hydrogen bonding is not possible for the isomeric para-substituted phenol. 
Because the hydrogen bonding capability of the phenolic —OH group is satisfied within the 
ortho-substituted molecule, this —OH group forms hydrogen bonds less effectively to acceptor 
atoms of other molecules—for example, solvents or chromatography supports such as silica gel— 
than the —OH group of the para-substituted isomer. This is another manifestation of the proximity 
effect (Sec. 11.8)—in this case. one that enhances an intramolecular chemical equilibrium relative 
to an analogous intermolecular equilibrium. Hence. the ortho-substituted isomer is generally much 
less soluble in solvents that accept hydrogen bonds. and moves through a silica gel chroma- 
tography column more rapidly, than the para-substituted isomer. Thus, the great difference in 
hydrogen-bonding properties of the two isomers makes separation a relatively simple matter. 
Exactly the same principles can be utilized in designing separations of o- and p-nitrophenol. 
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UU REACTION REVIEW 


LR 


À. 


EACTIONS OF ARYL AND VINYŁ HALIDES 


ELIMINATION REACTIONS OF VINYLIC HALIDES 
1. Base-promoted f-elimination reactions of vinylic halides do occur and can be useful in the synthesis of 
alkynes. 
Br 
! (CH3),;CO™ K* алк 
Ph—CH=C—Ph — ———» Ph—CH=C—Ph + K' Br + (CH;),;COH 
(CH. COH 


. NUCLEOPHILIC AROMATIC SUBSTITUTION 


1. Aryl halides that have one or more nitro groups ortho or para to the halogen undergo nucleophilic 
substitution reactions under relatively mild conditions. 


И снн. „сңсну; 
feno PCR 
+ 2 HN -—— + c HN 
ON NO; CH(CH;); O;N NO; CH(CH3); 
CF, CF; 
trifluralin 


(a pre-emergence herbicide) 


2. The mechanism involves a resonance-stabilized anionic intermediate called a Meisenheimer complex. (See 
discussion of mechanism and reactivity of a Meisenheimer complex in Sec. 18.4 of the text.) 
3, The reaction is faster when there are more nitra groups ortho and para to the halogen leaving group. 
a. Ortho and para nitro groups accelerate the reaction because the rate-limiting transition state resembles 
the Meisenheimer complex, and the nitro groups stabilize this complex by resonance. 
b. Other substituents that can provide resonance stabilization to the Meisenheimer complex can also 
activate nucleophilic aromatic substitution. 
4. The effect of the halogen on the rate is quite different from that in the Sy! or 5 {2 reaction of alkyl halides. 


Ar-F » Ar-Q ~ Ar-Br ~ A 


C. THE HECK REACTION 


1. In the Heck reaction, an alkene is coupled to an aryl bromide, ary! iodide, or aryl triflate ander the 
influence of a Pd(Q) catalyst. 


H,C 
Ar 
jun. onus Ba E E і 
Ar—Br + ie +  N(C;H34 Ge PU. + Br N(C;H4 L=P | 


a. The actual catalytically active species is PdL., formed by two ligand dissociations. 
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"d N 
Pd -«—À Pd + L «2 Pd. F L 
di ТА ТА 
b. The PdL, thus generated enters into the catalytic cycle, which consists of the following steps: 
i. oxidative addition of the aryl halide 
L. ZW ye 
Pd + Ar—Br —> Pd 
Ё L^ Br 


ii. ligand substitution of the alkene for one of the catalyst ligands 


(4 AN ao ji Sarn 
Pd + | —— Вг—рі4-4 P'E 
L Br „б<. | „б<. 


ii. 1,2-insertion of the alkene in which the aryl group migrates to carbon-2 of the alkene 


=. 


H H 
ls Сы | | 
Br — Ра 4—4 ——» Br—Pd—C—C—Ar 
| „С... | | | 
L L 


v. B-elimination of the newly formed aryl substituted alkene followed by ligand association 


СЕД 


| H мо 
Br—Pd—C—C—Ar ж = Вг — Ра + 
| | | pais 


v. ligand dissociation of the aryl substituted alkene 


Br — Ра < =~ Br—Pd + | 
PIT L Сх 


i, ligand association of a catalyst ligand 


- 


н EN yet 
Br—Pd + | == Ра 
l {С “A 


vii. reductive elimination of hydrogen halide, which is neutralized by the basic triethylamine present 
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HBr + N(C;j), —» Br МСН), 


c. Pdí(ll) catalysts can be used with aryl iodides, but it is thought that the Ра(Ї1) is reduced to Pd(0) during 
the reaction. 

With cyclic alkenes. B-elimination occurs at the B-carbon to which the aryl group was not added owing to 

the stereochemical constraints of the reaction mechanism. 


POAC); 
NCH) _ 
Ph—Br + © rora Ph + HBr 


When the Heck reaction is applied to unsymmetrically substituted alkenes, two products are in principle 

possible. because insertion might occur at either of the alkene carbons. 

a. When R = phenyl. CO-R (ester). CN, or other relatively electronegative group. the aryl halide tends to 
react at the unsubstituted carbon, to usually give the Е (trans) stercoisomer. 


н о — н о 
| | NCH — | | 


Өн С С — G C + HBr 
u^ c^ “осн; dimethyllormamide Ph- ый “осн, 


b. When К = alkyl, mixtures of products are often observed. 


4. The Heck reaction is another example of a reaction that can be used to form carbon-carbon bonds. 


D THE SUZUKI COLPI ING 


l. 


A Suzuki coupling (also known as a Suzuki reaction or a Suzuki-Miyaura coupling reaction) joins an aryl 
or vinylic boronic acid to an aryl or vinylic iodide or bromide. 
a. The coupling is catalyzed by a Pd(0) catalyst (Pd(PPh:;), or Pd(OAc)-»/PPh;, as in the Heck reaction). 
b. The reaction occurs in the presence of a base, typically aqueous NaOH or NaCO}. 
c. The reaction may be used to prepare: 
i. biaryls—compounds in which two aryl rings are connected by a с bond 


CH; OCH; 


CH; OCH, 
Pd(PPh;), catalyst 
NaOH 
——————- 
CERN mc CC 


ii. aryl-substituted alkenes 


- 
| 
B(OH), ж. A гарры catalyst CS AH 
+ C=C ——— — | 
/ \ CH,OH/H,O 
Br CO;CH; CO;CH; 


iii. conjugated alkenes 
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1 | Pa{PPh;), catalyst | | 
DR 0 LT. Быр GP TE E NEM 
ia B T 2 7 CH(CHj); benzene —— er o CH(CH;), 
| 
# 7 CH; H CH, 


d. Coupling occurs with retention of alkene stereochemistry. 
e. Suzuki coupling avoids issues of regiochemistry that can sometimes occur with the Heck reaction. 
2. The necessary boronic acids may be purchased commercially or prepared in two ways: 
a. the reaction of a Grignard or organolithium reagent with trimethyl borate followed by aqueous acid (see 
Eq. 18.50, text p. 905). 
b. the hydroboration of 1-alkynes with catecholborane or disiamylborane (see Sec. 14.5B of the text). 


E. ALKENE METATHESIS 


1. In an alkene metathesis, the groups at each end of the double bonds are interchanged. 


В! д? RS В! R! R7 В R? 


Z^ X CH:Ch \ / 
R m Rê R Ré R? RÉ w 


2. A number of transition-metal catalysts have been developed for alkene metathesis. Some are based on 
tungsten and molybdenum, which tend to be air-sensitive and less tolerant to other functional groups. The 
most common laboratory catalysts are based on ruthenium ruthenium (e.g.. Gl and G2), which can be 
easily handled in the presence of alcohols, phenols, and other groups. 

3. In many cases. the catalysts bring some or all of the possible alkenes into equilibrium. For an alkene 
metathesis reaction of two unsymmetrical alkenes, ten alkenes (not counting stereoisomers) can be formed. 
The production of the desired product can be increased by: 

a. using an excess of one of the reactants 

b. utilizing Le Chatelier’s principle (e.g.. where the by-product is a gas and bubbles out of the reaction 
mixture). 

c. exploiting the fact that different alkenes undergo metathesis at greatly different rates. Alkene metathesis 
is very sensitive to the steric environment of the alkene double bonds. 

4. One of the most important applications of alkene metathesis is for closing rings, even medium- and large- 


sized rings. 
О 


11. OTHER EXAMPLES OF TRANSITION-METAL CATALYZED REACTIONS 
А. ZIEGLER-NATTA CATALYST 


l. One of the most important transition-metal catalysts in commerce is a catalyst formed from TiCl, and 
(CH;CH;);AICI, called the Ziegler-Natta catalyst. 


2. This catalyst brings about the polymerization of ethylene and alkenes at 25 °С and 1 atm pressure to give 
high-density polyethylene. 


тю, { \ 
п НС = CH; сла CH;CH; T 
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3. One possible mechanism involves a two-step iterative process: 
a. a ligand association 


RCH,CH, RCH,CH, 
| Сн, 

а. оңбу — dete 
| CH, 
Cl Cl 


b. a 1.2-ligand insertion. 


RCH;CH; RCH;CH;CH;CH; 
CH; | 
CI — Ti 4 — > ci—Ti 
| Сн; | 
Ci С! 


B. HYDROFORMYLATION 


|. Hydroformylation is another commercially important process that involves a transition-metal catalyst, in 
this case, tetracarbonylhydridocobalt(I) catalyst, sometimes called the oxo process. (See Problem 18.29 on 
text p. 913.) 


203 
| 


С 
«4 — HCo(CO), Ny 
+ H +:б=0 ——> 


C. CATALYTIC HYDROGENATION 


1. An important transition-metal catalyzed reaction is the homogeneous catalytic hydrogenation of akenes 
using a soluble rhodium(]) catalyst called Wilkinson's catalyst, CIRh(PPh;)4. (See Problem 18.15. text p. 


901.) 
CRIVPPh,), 
Ces T9 (7 


2. Catalytic hydrogenation is an extremely important reaction that occurs over carbon-supported transition 
metals such as Ni. Pd, and Р:. The mechanism of catalytic hydrogenation is not definitively known. 


ene O 


Ill. REACTIONS OF PHENOLS AND PHENOLATES 
A. IONIZATION OF PHENOLS 
1. Phenols are weakly acidic: the pK, of phenol itself is 9.95. 


2. Phenols are acidic enough to be converted completely into their conjugate-base phenolate ions (phenoxide 
ions) by one equivalent of NaOH. 


( У + Na* OH ——> ( Уе + H—OH 


phenol 
рК = 9.95 
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B. USE OF PHENOXIDES AS NUCLEOPHILES 


1. Phenoxides can be used as nucleophiles. 
2. Aryl ethers can be prepared by the reaction of a phenoxide anion and an alkyl halide (another example of 
the Williamson ether synthesis). 


OH o'K* OCH;CH; 
xy == EY сз EY 
——— ———— 
2-butanone -KI 


C. SUBSTITUTION AT THE ARYL-OXYGEN BOND: THE STILLE REACTION 
1. Pd(0) catalysts can catalyze substitution at the aryl-oxygen bond if the phenolic OH group is converted into 
a trifluoromethanesulfonate ester. which is a very good leaving group. 
a. Агу! trifluoromethanesulfonate csters are prepared from phenols and trifluoromethanesulfonic 
anhydride (triflic anhydride). 


о О О 
| | 2 | 2 
Ar—OH + F,0C—$S—0—S—CF, + || —» А 0—5 — СЕ, + | 
| | Sy | ы 
o 0 о | F.C—SO; 
ичп th a trifluoromethanc- H 
a phenol Boro Нате 8 а base sulfonate ester à salt 


sulfonic anhydride (a triflate) 


b. Trifluoromethanesulfonate esters are nicknamed triflates; the triflate group is often abbreviated —OTf. 
c. The triflate group is one of the best leaving groups because it is an extremely weak base. 


2. Aryl triflates react readily with organotin derivatives in the presence of Pd(Q) catalysts to give coupling 
products. 
Oo 
l NEL A | 
Т а + Ph—Sn(CH,); + LCI Е тад Ar—Ph + (СНз); асі + ПОТЕ 
| 
О 


a. The organotin compounds used in the Stille reaction аге either commercially available or readily 
prepared from Grignard Reagents and commercially available trialkyltin chlorides. 


CH | 


b. In general, vinylic groups and aryl groups are transferred from the tin more rapidly than alkyl groups. 
c. If atetraalkylstannane is used, alkyl! groups can also be transferred. 

3. The mechanism of the Stille reaction probably involves the following steps: 
а. an oxidative addition of the aryl triflate to the 14-electron Pd(PPh;); 


L S L Ar 
ра —— Ue py 
L T4 Nott 


b. a ligand substitution by excess chloride ion (as LiCl) to the resulting unstable complex 
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N 
Pd + ШС — Pd + LiOTf 
^ “Nan 


c. a second ligand substitution in which the aryl or alkyl groups on the organotin compourd (which 
resembles a carbanion and is nuclcophilic) substitutes for the chloride on the Pd. 


EN yh vs Ly ys 5 
Pd + R—Sa— —- Pd T Cl — Sn — 
iv ‘a i” “в 


d. a reductive elimination to give the product and regenerate the catalyst. 
EN ye L. 
Pd — Pd + Ar—R 
ТА N R L” 


4. The Stille reaction can be carried out with aryl halides instead of aryl triflates. 
5. The transferred alkyl group does not rearrange in the Stille reaction. 
6. This is another method that can he used to form carbon—carbon honds. 


D. ELECTROPHILIC AROMATIC SUBSTITUTION REACTIONS OF PHENOLS 
1. Phenols undergo electrophilic aromatic substitution reactions. 
2. Phenols react rapidly with hromine. 
a. Phenol can be halogenated once under mild conditions that do not affect benzene itself. 


2 OH ө, 2 OH 
| a | + HBr 
x 
Br © 


b. Phenol reacts with Br; in H;O (bromine water) to give 2,4.6-tribromopheno!. 

1 Bromine reacts with water to give protonated hypobromous acid. a more potent electrophile than 
brominc itself. 

ii. In aqueous solutions near neutrality. phenol partially ionizes to its conjugate-base phenoxide anion: 
this anion is very reactive and brominates instantly, thereby pulling (һе phenol-phenolate 
equilibrium to the right. 

iii. Phenoxide ion is much more reactive than phenol because the reactive intermediate is not a 
carbocation. but is instead a more stable neutral molecule. 


:ÜH i: OS : 
“OH Br; isomenzation 
- — > ———— 
-H,0: H,0 
H Br H Br 
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OH OH 
Br, r Br 
-——> 
но 
Вг Вг 


(also ionizes) 


c. In strongly acidic solution. in which formation of the phenolate anion is suppressed. bromination can be 
stopped at the 2,4-dibromophenol stage. 


Br 


H 
( yo + Bn c Br OH + 2HBr 


phenol 2,4-dibromophenol 


3. Phenol is very reactive in other electrophilic substitution reactions. 
a. Phenol can be nitrated once under mild conditions. 
b. Direct nitration is not the preferred method for synthesis of di- and trinitrophenol, because the 
concentrated HNO, required for multiple nitrations is an oxidizing agent. Instead. nucleophilic 
aromatic substitution is used. (See Sec. 18.9 in the text for a discussion of mechanism.) 


NO; NO; 


H * 
ON Cl + Ма оН —» e O;N OH 


c. The great reactivity of phenol in electrophilic aromatic substitution does not extend to the Friedel- 
Crafts acylation reaction. 
i. Friedel-Crafts acylation of phenol occurs slowly, but may be carried out successfully at elevated 
temperatures; the ring is acylated only once. 
ii. Phenols are less reactive because they react rapidly with the AICI, catalyst. 


* 


+ 
H fe 6 
n A A ~ - 
CY * CY iis CY ACh | + HCI 


E. OXIDATION OF PHENOLS TO QUINONES 


1. p-Hydroxyphenols (hydroquinones). o-hydroxyphenols (catechols), and phenols with an unsubstituted 
position ortho or para to the hydroxy group are oxidized to quinones. 


HO = 
ОН wow" 0 : 


hydroquinone p-benzoquinone 


2. The oxidation of hydroquinone and its derivatives to the corresponding p-benzoquinone can also be carried 
out reversibly in an electrochemical cell. 
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Е. INDUSTRIAL PREPARATION ANO USE OF PHENOL 


1. Phenol and acetone are prepared from a single starting material, cumene. which in turn comes from 
benzene and propenc, two compounds obtained from petroleum. 

2. The production of phenol and acetone is a two-step process. 
а. Cumene undergoes an autoxidation with molecular oxygen to form cumene hydroperoxide. 


CH; CH; 
| 0, | 
n =j P n —(-—Q-—H 
CH; CH; 

cumene cumene hydroperoxide 


b. The cumene hydroperoxide undergoes an acid-catalyzed rearrangement that yields both acetone and 


phenol. 
CH; CH, 
| " / 
T —————- рь OH + O= % 
CH; CH; 
cumene hydroperoxide phenol acetone 
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SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


(a) p-Bromotoluene reacts most slowly (that is. not at all) because it is an aryl halide: aryl halides do not 
undergo S42 reactions. Benzyl bromide is a benzylic halide and therefore reacts most rapidly in an S42 
reaction (see text Sec. 17.4, text p. 850). 


ao << (ponerse << C ав 


p-bromotoluene (J-bromopropyl)benzene benzyl bromide 


(b)  I-Bromocyclohexenc. a vinylic halide. does not react by the 542 mechanism; 1- 
(bromomethyl cyclohexene, an allylic halide. reacts most rapidly. (See text Sec. 17.4. text p. 850.) 


Oe = Ons Qe 


1-brumocyclohexane bromocyclohexane 1-(bromomethy))cyclohexanc 


Assume that E2 reactions of vinylic halides follow the same trends as E2 reactions of a/kv/ halides. Therefore, 
because an anti-climination is faster than the corresponding syn-climination (Sec. 9.5E, text pp. 409-11), the 
reaction of compound B is faster than that of compound A; and the reaction of compound A is faster than that of 
compound C because bromide is a better leaving group than chloride. Because eliminations involving benzylic 
B-hydrogens are faster than other eliminations. compounds АС. in which the -hydrogens are benzylic. react 
more rapidly than compound D, in which the -hydrogens are not benzylic. Furthermore, the elimination 
reaction of compound D gives a triple bond that is conjugated with only one benzene ring (and thus has only 
one phenyl branch: see struclures that follow). whereas all of the others give triple bonds that are conjugated 
with two benzene rings (and thus have two phenyl branches). Hence. the desired order is D < C «A < B. 

The product of the elimination reactions of compounds A-C is diphenylacetylene, Ph—C==C—Ph; the 
product of the elimination reaction of compound D is phenylacetylene. РҺ—С==С—Н. 


(a) Тһе order of increasing Sy&I—EI reactivity is А << B < C. The benzylic halide C reacts fastest because its 
ionization gives a resonance-stabilized benzylic carbocation: and the vinylic halide A reacts slowest 
because vinylic halides are nearly inert in $ 41 reactions for the reasons given in Sec. 18.3 of the text. 

(b) The reactivity order is В << C < A. The reaction of compound В is slowest because vinylic halides are 
virtually inert in Sy] reactions; and the reaction of compound A is fastest because its ionization gives а 
resonance-stabilized allylic carbocation. 

(a) Тһе nitrogen of the amine acts as a nucleophile in a nucleophilic aromatic substitution reaction. 


ON МНЕ Cl ==> ON NHEt + HCI 


NO, NO, 
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1 The nitro groups reduce the basicity of the product to the point that it is deprotonated under the 
>| reaction conditions. (Can you give a reason why?) Because you have not yet studied the 
basicity of aromatic amines, however, either answer should be considered correct. 


(b) The product results from nucleophilic aromatic substitution by the thiolate group: 
— , 
( буз Ви UE 
\ 4 : 
N 
NO; 
(c) | No reaction. because the compound contains no substituent that can activate nucleophilic aromatic 
substitution by stabilizing the anionic intermediate (the Meisenheimer complex). 


18.5 (a) Тһе second compound. p-lluoronitrobenzene. reacts most rapidly because only in the reaction of this 
compound is the intermediate Meisenheimer complex stabilized by resonance interaction of an unshared 
electron pair with the nitro substituent. 


сно F Q7» CHO F T 


( 2 US í yey 6: 


(b) Тһе first compound should react more rapidly because the Meisenheimer complex is stabilized by the 
resonance interaction of both substituents: the complex in the case of the second compound is stabilized 
by resonance involving only a nitro substituent. 


сњо ғ T сњо F ‘Ф CHO Е ri 
AN М... M RETE “Nw o 
| NM ue d od € ow d 1” eI 
ai | 
C LI = 
67 “осн, д> “осн, 6~ “осн, 


18.6 The bond to one allylic carbon is an X-type bond. That is, if we break the metal-carbon bond. a carbon anion is 
formed. The double bond is an L-type ligand. Breaking its coordination gives a neutral alkene. 


H 
c 


H^ pe 
L-type interaction 
ET. CH, 


X-type interaction 


As with the case of the cyclopentadienyl anion discussed immediately preceding the problem in the text, this is 
a bookkeeping fiction: the L- and X-type character is actually spread out over the ally! system: 
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It also happens that allyl can bond to a metal in some cases as an X-type ligand: that is, the л electrons in some 
cases aren't involved in coordination at all. (See Footnote ** in Table 18.1. text p. 891.) However, we know 
that this situation is not relevant to the present problem. as the problem tells us to be concerned with LX-type 
coordination. 


(a) For each electron pair moved out of a metal-oxygen bond onto an attached oxygen, the oxygen takes on 
a negative charge. Hence. by definition. each bond to oxygen counts as one X-type interaction. The 
number of X-type bonds to Mn is 7: and, because the overall charge is on oxygen. the charge on the 
metal. Ом in Eq. 18.23, text p. 891, 15 0. Therefore, the oxidation state is +7. 


The following is an equivalent structure for permanganate in which the negative charge is on 


c» Mn: 


i 
o= Ts 0 
О 
In this case the oxidation state is +8 — | = +7: obviously. since resonance structures are different 


representations of the same compound, we get the same result from either structure. 


(b) The PPh; ligands are L-type ligands: hence. there are no X-type ligands. and. because the charge on Pd is 
0, the oxidation state of Pd is О. 


You might be wondering about the prefix tetrakis in the name of this complex. The prefixes 

a> bis, tris, and tetrakis are used as numerical prefixes instead of di, rri, and tetra when the group 
that is enumerated itself contains multiple substituents, Thus. the ligand triphenylphosphine has 
three phenyl groups on the phosphorus (thus the prefix tri in the name of this ligand). There are 
four triphenylphosphine ligands — thus the prefix tetrakis. 


(c) The Cp ligand (Table 18.1) can be viewed as an L.X ligand for bookkeeping purposes. Hence. with two 
X-type bonds and no charge on the iron. the oxidation state of Fe is +2. 


With one X-type ligand (Cl) and zero charge, oxidation state of rhodium (Rh) in the starting material is +1. In 
the product, two new X-type bonds have been added; hence, the oxidation state is +3. The overall reaction is an 
oxidation. (This is an example of an oxidative addition. an important type of reaction that is considered later in 
this section.) 


(a) Consulting Fig. 18.3, text p. 889, we see that neutral tungsten (W) has 6 valence electrons. Add two 
electrons for the charge. The ligands аге L-type ligands. Hence. this is ad“ complex. Alternatively. the 
oxidation state of tungsten is, by Eq. 18.23, text p. 891, 0-2 =-2. We then apply Eq. 18.25. text p. 892: 
n = valence electron count in neutral W (6) – the oxidation state (22) = 6 – (-2) = 8. 
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18.10 


18.11 


18.12 


18.13 


(b) 


(c) 


(a) 


(b) 


Pd has ten valence electrons in the neutral atom. There are no charges and no X-type ligands in the 
complex: hence, this is а 4!9 complex. Using Eq. 18.25, text p. 892. with an oxidation state of 0, we get 
the same answer. 

We've seen this complex before, in Problem 18.8. We calculated in the solution to that problem that the 
oxidation state of rhodium (Rh) is +3. Fig. 18.3 shows that neutral Rh has 9 valence electrons. Hence, 
application of Eq. 18.25, text p. 892, shows that this is a 4? complex. Alternately. we start with 9 
electrons and remove 3 for the X-type ligands to get 9 – 3 = 6 for the value of n. 


For Rh, start with the number of electrons in the neutral atom (9); subtract charges on the metal (0); add 
the number of X-type ligands (3); and add twice the number of L-type ligands (2 x 3 = 6) to get 9 + 3 + 6 
= 18 electrons. Alternatively. because we know n = 6 from the solution to Problem 18.9(c). Eq. 18.26 on 
p. 893 can be applied to obtain the electron count. This is an 18-electron complex. 

For Tc, start with the number of electrons in the neutral atom (7); subtract charges on the metal (1); add 
the number of X-type ligands (0); and add twice the number of L-type ligands (2 x 6 = 12) to get 7- 1 + 
12 = 18 electrons. 


Neutral iron (Fe) has 8 electrons. Because CO is an L-type ligand, it is counted twice in the electron count. We 
simply solve for x in 8 + 2x = 18 and obtain х= 5. Fe(CO),, or pentacarbonyliron(0), is in fact a stable complex 
that can be purchased commercially. 


Vanadium (V) in V(CO); has an electron count of 5 + (2 x 6) = 17. If the tendency of metals is to have a total 
of 18 electrons, then V should have a significant driving force to obtain an extra electron, that is, to be reduced. 
Indeed. the total electron count in [V(CO)4] is 18. and this anion is relatively stable. 


(a) 


Cyanide (CN) is an X-type ligand. If we strip the four cyanide ligands from the Zn (zinc), a Zn^* ion 
remains. From Fig. 18.3 on text p. 889, Zn has 12 valence electrons; hence, Zn^* has 10. This is exactly 
the number needed to fill all of the 3d orbitals with two electrons each. Four valence orbitals—the 4s and 
the 4p orbitals—are left empty. and these are hybridized to form more directed orbitals. (This situation is 
exactly like carbon hybridization in methane, except that we are using orbitals from period 4.) 
Hybridizing one 4s and three 4p orbitals gives four sp? hybrid orbitals, which, as we know from methane, 
are directed to the corners of a regular tetrahedron. Each of these empty orbitals accepts a pair of 
electrons from a cyanide ligand. Thus. the Zn(CN),]- complex is tetrahedral (the gray dashed lines 
show the tetrahedron; the dlack lines are bonds). 


Unhvbridized Zn? (d'°): 


CN 
CU ee rehybndize ^ | 
add4 CN _ sp'hybrid orbitals xx ж x ex Zn 
— — 
wu? 14 34? No в 
ипи и Mua dg dd NC 


(b) 


ai cl т 


(unaffected by hybridization) 


Triphenylphosphine (PPh;) is an L-type ligand. If we strip the four PPh; ligands from the Pd 
(palladium). a Pd (0) atom remains. From Fig. 18.3 on text p. 889. Pd has 10 valence electrons. This is 
exactly the number needed to fill all of the 4d orbitals with two electrons each. Four valence orbitals— 
the 5s and the 5p orbitals—are left empty, and these are hybridized to form more directed orbitals. (This 
situation is exactly like carbon hybridization in methane, except that we are using orbitals from period 5.) 
Hybridize of one 5s and three 5p orbitals gives four sp^ hybrid orbitals, which. as we know from 
methane, are directed to the corners of a regular tetrahedron. Each of these empty orbitals accepts a pair 
of electrons from a PPh, ligand. Thus, the Pd(PPh,), complex is tetrahedral (the gray dashed lines show 
the tetrahedron: the black lines are bonds). 
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Unhybridized Pd (0) (d'9): 
triphenyiphosphine electrons 
rehybrdize 
add 4 Ph, _ 


# 
sp' hybrid orbitals æ зне эне ++ | 
5s 


чэ иян «8 Bt + И 


(unaffected by hybridization) 


18.14 Тһе student has neglected to understand that when an X-type ligand reacts as a nucleophile with a metal to 


displace an L-type ligand. the charge changes by onc unit. because electrons from X-type ligands are assumed 
to be divided between the metal and the ligand. In other words. charge is not balanced in this equation. If we 
put a negative charge on the Pd. as required by this reaction, the oxidation state of Pd is unchanged. 


18.15 (a) Oxidative addition of H, to the catalyst: 


PPh, ie 
Cl PPh; 
Њ + CI—Rh—PPh —> Rh 
| H^ | ~PPh, 
PPh, H 
oxidation state: +1 oxidation state: +3 
clectron count: 16e electron count: 18e 
Ligand substitution of one PPh, by the alkene: 
R 
7 
H—C 
PPh, PPh; = 
Cl. | PPh, А o. poe = 
+ с=с a > H + :PPh, 
H^ | ^ PPh, оъ, = H^ | “PPh; 
H H H H 


oxidation state: +3 


oxidation state: +3 
clectron count: 18e 


clectron count: 18e ^ 


1,2-insertion of the alkene into an Rh—H bond and addition of the previously expelled PPh;: 


R 
/ 
"n A PP PPh; | 
3 = 3 3 
с к М с. | -CH—CHR ;PPh — с. | 2Сн—СњА 
Rh H —% Rh. a Rh 
H^ |7SPPhy i em, „Л H^ | ^PPh; 
H PPh; 
oxidation state: +3 Note: empty orbital oxidation state: +3 
cleciron count: 1867 on Rh because H departed electron count: 18687 


with its two electrons 


oxidation state: +3 
electron count: 16e 
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Reductive elimination of the product to regenerate the catalyst: 


PPh; | PPh, 
Gl. If CH— CHR 


Rh 
HLO PPr, 


CI—Rh— PPh; + RCH;—CH;R 
| 


PPh, PPh, 
oxidation statc: +3 oxidation state: +1 
electron count: 18e electron count: 16e 


(b) Тһе 1,2-insertion is a syn-additian: 


F 
H—C R H 
\ — \/ H 
PR (^ СВ NER 
Ci—Rh — > CI—Rh 
/ H | 
D D PPh; D PPh, 
And the reductive elimination is also syn: 
R F 
M. PPh 
Рһ;Р / 3 H H 
VE к | EN 7 
CI—Rh / | —> Ci—R— PPh + ~ce 
E d D | 72 \ 
PPh; PPh, D D 


Because we started with a symmetrical cis-alkene, the product is the meso stereoisomer. 


18.16 Тһе steps in Eq. 18.43b, text p. 902, of the text are numbered for reference. 
Step 1: 


Fundamental process: oxidative addition 

Oxidation state of Pd starting catalyst (Раі): 0 

Electron count of Pd in the starting catalyst: 14e. (Note that neutral Pd is a 10-electron atom.) 
Oxidation state of Pd in the product: +2 

Electron count of Pd in the product: 16е 


Step 2: (From here on, the reactant has the same properties as the product of the previous step.) 


Fundamental process: ligand substitution 
Oxidation state of Pd in the product: +2 
Electron count of Pd in the product: 16e 


Step 3: 


Fundamental process: |.2-ligand insertion 
Oxidation state of Pd in the product: +2 
Electron count of Pd in the product: 14e7 


Step 4: 


Fundamental process: -elimination 
Oxidation state of Pd in the product: +2 
Electron count of Pd in the product: 166^ 
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18.18 
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Step 5: 


Fundamental process: ligand dissociation 
Oxidation state of Pd in the product: +2 
Electron count of Pd in the product: 14е 


Step 6: 


Fundamental process: ligand association 
Oxidation state of Pd in the product: +2 
Electron count of Pd in the product: 16e 


(Steps 5 and 6 together resuit in a ligand substitution.) 
Step 7: 


Fundamental process: reductive elimination 
Oxidation state of Pd in the product: 0 
Electron count of Pd in the product: 14e 


(The catalyst is regenerated in this step.) 


The two products result from coupling at the two chemically nonequivalent carbons of the alkene: 


| ri 
H 
E. неа eo “Sou 
+ f =CH, —- | + 2 
H H 
iodobenzene propene (1-propenvi)benzene isopropenvlbenzene 
(from coupling at C-1) (Irom coupling at C-2) 


That is, in step 3 of the mechanism described in Eq. 18.436. text p. 902. and in the previous solution, 1.2-ligand 
insertion can occur to either carbon of the double bond. Because these two carbons are nonequivalent, two 
products are obtained. 


Either aryl substituent could originate from the ary] halide or from the alkene. Remember, if the alkene 
substituent is aryl (as in these cases). substitution occurs mainly at the less branched carbon. 


Br H;C=CH OCH; 
ы» ey 
bromobenzene m-methoxystyrene C н 
Неск C Ze Tu 
98 =CH) idi OCH; H 
Е 


styrene m-hromoanisole 


The environment around the Pd following the initial oxidative addition is rather congested with the large PPh, 
ligands. the aryl group. and the halide. Ligand replacement by the alkene is more favorable for alkenes 
containing fewer bulky substituents. As a consequence of the Heck reaction itself, the product is always more 
branched than the starting material, and hence, the starting alkene will "win" the competition for ligand 
replacement over the product alkene more often than not. 1f we assume that the subsequent rate constants for 
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substitution are not very differen: for the two alkenes, the higher concentration of the catalyst-starting alkene 
complex leads to a greater reaction rate for this alkene. (Remember, rate = &[complex]. where k = the rate 
constant. Given equal & values. the complex present in higher concentration wins the rate competition.) 


18.20 This is essentially like the cyclohexene case given in Eq. 18.44 (text p. 902) and subsequent discussion. 


КҮ. Б + Od 


iodobenzenc cyclopentene (2-cvclopentenyl)benzene 
18.21 As illustrated in Eq. 18.49, text p. 904, Suzuki coupling occurs with retention of the alkene stereochemistry. 


(a) (b) (c) 


N N / 
E с=с H 
/ N К 
H с=с 
/ N 
CHO H CH;CH;CH;OH 


18.22 The starting materials for a Suzuki coupling сап be determined by mentally "splitting" the aryl-aryl bond to 
form an aryl bromide with one part and an aryl boronic acid with the other part. 


implies г? | < implies 


O B(OH) + Br aw, OCH; or 0. Br + (НО),В М: А OCH; 
1) B/OCH;), 
о а. Doe ER 


1) B(OCH;); 
Mg 2) њо*, H,0 
Qum e oe Doom SEB a (Drs 
Sequence #1: 
НС H.C 
Pd(PPh;), (catalyst) 


woe Kjos + (Jet ame (00 уо» 


Sequence #2: 
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H3C H.C 
Pd(PPh,), (catalyst) 
KOH a 


B(OH), + Br OCH, — ЖТ к 4 OCH; 


18.23 Start by breaking the compound at the bond between the aryl ring and the alkene: then place a bromine atom 


(Br) an one of the cleaved fragments and a boronic acid [B(OH);] or catecholborane (see Eq. 18.51 text p. 905) 
on the other: 


CH; 
Ph 
es Р + 
7 М T 
н н 


(HO},B i n 


18.24 This reaction involves three sequences of similar steps: a Brensted acid-base reaction with H40*; a Lewis acid- 
base dissociation of methanol from boron; and a Lewis acid-base association of water (from solvent) with 
boron. Proton transfers are mediated by solvent, even when they're not shown explicitly. 


TER 


OH» 
* 
:ÖCH; H—OCH; A РА 
и Ар" - 2 — сњо. |, QCHs 
CHO — B— бон; CH,Ü — B— бон» B 
E. UN “HOCH , = 
OCH; OCH; OCH; 
(or MeOH) H u | :OH нё бон 
.. .. Кл 3 
CH. — B—OcH, CHÍQ 2 B— фсн, i ad 
proton д 
HOT H С A » HOCH, | des 
transfer 
(or MeOH;*) 
OCH; OCH; OCH, 
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+ 
Mn mE Hà. ÖH 
нў —в=—ӧсн, H)— B^ cH, gib de 
proton -HOCH, 
e aes —— > 
transfer 
OCH, OCH; OCH; 


18.25 First, mentally break the two alkenes at the double bond to produce four halves: A. bearing the R group; B 
bearing the R? group: C bearing the R' group: and D bearing the К“ group. Now systematically combine one 
half with another to form trans alkenes— don't forget that one half can combine with another half of the same 
kind and that A + B will give the same product as В + A. 


R! E R? H В! H В? H 
N / / 
ps + С=с c F + "QV + jx + б 
H R? H Rê - R? H Rt 
А В © D 


A=A + A=B + A—C + ASD + 
в=В + B=C + B=D + 
C=C + С=р + 


D=p 
R! H R! H Re 7 R! H R? H 
с=с + С=с + с=с + с=с + с=с + 
/ / / \ / 
H R! H R? H R? H В“ H R? 
R? H R? H В? H R? H R* H 
/ / N / / / 
WE + = + с=с + с=с + POM. 
H R? H R‘ H R? H Rê H Rt 
18.26 (a) (b) (c) 
HOCH, Hogi H H CHOH 


ГА \ 
HC C=C С=С 
+ НС = СН; РА \ / \ 
H.C H CHCH,),CH. н 
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18.27 (а) 
H H 
нс | | 
| | 
HC H сњ à HC H 
citronellol ron G2 catalyst 
(oil of roses) * | (2 mole %) 
OH 
i sip. 9 | H.C — CH; 
НС H 
(b) 
ч. 
у= 
a 
(c) 
uuo hid + hee 
С С H C 
D D H 
G1 catalyst 
ver 
Td 
C + H,C=CH, 
ii ~CH,OH 
D 
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18.28 
NHC NHC CH=CH; NHC 
i + CH=CH, 4 
СВи=СНРһ «> CRu=CHPh ——— ——— CLRu—CHPh —> 
{ сн CH 
P(C + P(C d 
(Cy) (Cy); L 
NHC NHC NHC 


$ CHPh - Н.С == CHPh 
Суйи СНР — ChRu- CHPh —> си. = 


e 9l | сн, 
сн CH; CH~ CH; CH 
CH — CH; CH=CH, CH — CH; 
NHC NHC NHC 
H $ H 
CLRu , CH; > ChRu + CH; —- ClRu=CH, + 
FA eA 
HC ‘ CH HC + CH 
18.29 A mechanistic outline is as follows. 
OC CO OC CO OC CO OC CO 
„Ж. H,C =CH, WS A CO \ 
Са SS а. = Co. — F Bo 
H^ | СО (t H^ 4 CO E | SCO !9". „обо 
co HC + CH; CH;CH; CH,CH, 
18e 18e 16e 18e 
№, "m E 4 
со | Yc =cH, Jw 
[e] OC CO OC co OC CO 
| " зё N id н, о 4 
CH4CH;CH H^ ~со - 16) bae Ре CO ы, (5) Ser ~ co 
16e * H H | 
CH4CH; CH4CH; 
18е 1бе 


The classifications of the various steps arc: 


(1) Substitution of one L-type ligand for another 
(2) 1.2-Ligand insertion 

(3) Association with L-type ligand 

(4) 1.1-Ligand insertion 

(5) Oxidative addition 

(6) Reductive elimination 

(7) Association with L-type ligand 


18.30 (а)  2.-Dinitrophenol is more acidic because its conjugate-base anion has more important resonance 


structures. In the 2.4-diniirophenoxide anion. both nitro substituents arc involved in resonance 
stabilization: in 2.5-dinitrophenoxide anion, only the 2-nitro group is involved in resonance stabilization. 
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(The 5-nitro group is not involved for the reasons shown in the discussion of Eq. 18.69 on text p. 915.) 
The actual pK, values are 


OH OH 
A NO; NO; 
ом N 
NO; 
2,8-dinitrophenol 2,4-dinitrophenol 
pA, = 5.22 pA, = 4.11 


(b) Meta-chlorophenol is more acidic because the conjugate-base anion, m-chlorophenoxide, is stabilized by 
the electron-withdrawing polar effect of the chloro substituent. The actual pX, values are 


OH OH 
i Cl 
phenol m-chlorophenal 
рк, = 9.95 pK, = 9.02 


(c) Тһе para-isomer of the conjugate-base phenoxide anion has more important resonance structures. The 
key resonance structure is the one below. in which the substituent group participates in the resonance 
stabilization. (The actual pK, values are 7.7 and 8.0 for the para- and meta-isomers, respectively.) 


OS :Q: 
i-i 
0, 


CH —0: CH—0: 
18.31 (а) 
= Сну 
(ee S a (аз a (а 
4-nitrophenol (p-nitroanisole) 
(p-nitrophenol) 
(b) 
1A 


NaOH € 2) H.0* 
Ph—OH ———» Ph—0^ nat ———= Ph—OCH,CH,OH 


2-phenoxyethanol 


18.32 The solubility of most phenols in base due to their –1 charge when ionized. Their conjugate bases are ionic 
compounds, and ionic compounds have greater solubility than nonionic ones. The compound shown in the 
problem is cationic by virtue of its positively charged nitrogen; ionization of the OH group converts it into a 
neutral compound. Neutral species are less soluble in water than compounds with a net charge. 
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Compounds that contain both a positive and a negative charge, such as the conjugate base of the 
compound shown in the problem. are called zwitterions ("double-ions"). or inner salts. These 
types of compounds are discussed in Chapter 27. 


18.33 (а) 


9,10-phenanthraquinone 
(а o-quinone) 


о 
Pn 


I.4-phenanthraquinone 
(а p-quinonc) 


(b) 


18.34 (a) A para-quinane is formed as in Eq. 18.72, text p. 918; the nitro group is unaffected. 


fe 
NO; 


о 


(b) Тһе para-quinone is formed because it is more stable than the alternative ortho-quinone. 
OH 


о 
о 


18.35 (a)  Letthe long alkyl chain in vitamin E (structure on text p. 921) be abbreviated as —alkyl. The most 
stable radical is formed by abstraction of the phenolic hydrogen atom 


CH; 


CH; 


0 
alkyl аку! 
но CH; CH; 


CH; 
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Another possible resonance structure that can derived by the fishhook notation is structure B: 


The oxygen with the unpaired electron in this structure violates the octet rule—it has nine 
electrons. In molecular orbital terms, this structure would require the occupancy of an 
antibonding orbital and thus would reduce the stability of the radical. Hence. this resonance 
structure is not important. 


(b) Asin part (a), the phenolic hydrogen atom is abstracted because a resonance-stabilized radical is formed. 


"ү" “ку 
я >» <=> 
CH; CH; 


б: б: 
(СНУ);С С(ОН;)з (CH3)3C . ССН) 
ÁP 
CH; CH; 
18.36 (a) 
OH 
сњо H 
о ао 
CH4O Hs 
:0: 
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(b) 
Чар 
CH;0 сно R сно R 
ы npe Ж 
CH;O CH;0 3 CH;0 H3 
OH OH 
: :0: :0: 
; CH3O., . R CH30 R 
а: oe ae ee 
CH;0 CH; сно“ N CH; 
OH OH OH 
18.37 (a) 
3 CH; 3 
Q Q 
07 HC o H;C 0^ 
CH; CH; 
You can use the second resonance structure shown in part (a) to react with the radical Re. 
ү 
R—H 
њен“ CH; 
[o] О 
н;С 0^ HC o” 
CH; CH; 


18.38 Тһе long. hydrophobic hydrocarbon chain of ubiquinone (Eq. 18.78, text p. 921.) anchors it in the cellular 
hydrophobic membrane of the mitochondria organelle (sce Sec. 8.7A). 


18.39 (а) 
OH 


OH 
СН; (large excess) 
K;CO; 


OCH; 
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(b) Unlike the phenolic groups of urushiol. the methyl ether groups would not be oxidized to a quinone and 
would thus not react with a thiol group of a protein to form the "foreign" protein sensed by the immune 
system. An allergic skin response like that provoked by urushiol would prohably not occur 


18.40 (a) (b) (c) 


OH OH OH OH ? 
CH ON C 
d | 3 | 4 | Р “сн, 
S 
S с 
Вг NO; Cl Br 


18.41 The electrophile is the rert-buty] cation. which is formed by protonation of the alcohol and the Lewis acid-base 
dissociation of water. 


A. ne 
LE :ОЅОзН 
(CH,);C— ÖH — 3» (онус 0H; — (CHy,C+ + 6H, 
tert-butyl cation 
3650. 


© S 
em (Drm У) н me Cm 
3 


+ H—ÓOSOH 


18.42 (a)  Neopentyl phenyl ether does not readily cleave with hot concentrated HBr. Such a reaction would 
require either an Sy1 or Sy2 reaction of bromide ion at a phenyl-oxygen bond, which does not occur. or 
an Syl or Sp2 reaction at the primary carbon of a neopentyl group. The Sy1 reaction does not occur 
because it would require the formation of a primary carbocation. (Such a reaction could be forced with 
very long reaction times and heat, and would occur with rearrangement of the neopentyl group.) The 
transition state of an 5 2 reaction at the primary carbon of а neopentyl group is so beset by van der 
Waals repulsions that such a reaction does not take place; see Fig. 9.4(b) on text p. 397. 

In contrast, benzyl methyl ether can cleave by both S41 and 52 mechanisms at the benzylic 
carbon. or by an $2 mechanism at the methyl carbon. Here is the cleavage by an S42 mechanism 
involving the nucleophilic reaction of Вг at the methyl carbon of the protonated ether: 


:Br:- 
H 


л ] 4 
PhCH;— Q— CH, ——® PhCH,—OH + :Br— CH, 


benzyl methyl ether benzylalcohol methyl bromide 
(after protonation by IBr) 
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And here is the 542 mechanism at the henzylic carbon (Sec. 17.4 in the text): 


Br 
H 


m "m 
PhCH; Q— CH; —D PhCH; — Br: + HO — CH, 


benzyl meth y! ether benzyl bromide methyl alcohol 
(after protonation by HBr) 


An Syl mechanism at the benzylic carbon is also possible that parallels the mechanism shown in part (a): 

protonation of the ether, formation of a benzylic cation, and a Lewis acid-base reaction of Вг with this 

carbocation. The products are the same as those derived from the $,,2 reaction immediately previous. 
p-Methoxytoluene can cleave at the methyl-oxygen bond by an S42 mechanism. 


:81:7 
н T 
P" ji " 
НС 0 CH; ——> НС 0 — + :Вг — СН; 
p-methoxytoluene p-cresol methyl bromide 


(after protonation by HBr) 


(b)  Diphenyl ether does not cleave with hot. concentrated HBr. because such a cleavage would require either 
an Syl reaction or an Sy? reaction at a phenyl-oxygen bond; as this section of the text shows, such 
reactions do not occur. In contrast. tert-butyl phenyl cther cleaves by an Su] mechanism involving 
protonation of the oxygen and loss of phenol to form a tert-butyl cation, which undergoes а Lewis acid- 
hase association reaction with bromide ion to form tert-butyl bromide. 


(a B 
CH; н CH; CH; CH; 
Ph—3—¢—CH, — нь Sy рп бн + té—ch —- l-o 
бн, о phenol С, б, 
tert-butyl phenyl ether tert-butyl bromide 
18.43 The product is phenylacetylene. Ph—C==CH, along with the usual by-products, Li* OTf and CISi(CH;)3. 


18.44 The triflate derivative of p-nitrophenol (prepared from p-nitrophenol and triflic anhydride; Eq. 18.97, text p. 
930) and the (Z)-stereoisomer of the appropriate trimethylstannyl derivative would be required. 


H 
| 


OTf 
C H 
ом | 


E dd." 
p-nitrophenyl triflate о OCH;CH; 


18.45 The alcohol A can form a relatively stable tertiary benzylic carbocation under the acidic conditions of the 


reaction. This serves as a Friedel-Crafts alkylating agent for phenol. (Note the similarity to the mechanism 
shown in the solution to Problem 18.42, text p. 929.) 
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CH; CH; Hee сњ CH; 
awe | PhC | + 
ч ОН, —- i OH —» H On — "T OH + њо 
CH, CH, HO: J U CH 
resonance-stabilized B 
conjugate acid of 4 + :0H; carbocation intermediate 


Solutions to Additional Problems 


18.46 (a) Noreaction 
(b)  Noreaction 
(c) No reaction 
(d) (e) (f) (g) (h) 


М9! Sn(CH;); Li CH=CH, 
нс 
2 s j 
|| + см y 
S + (CHj,SnCI 


CH; CH; CH; CH; + Li* 7OTf 
(i) G) (k) 
B(OH), Th 
Ses us 
eC) em 
CH; 
CH, 
18.47 (а) (b) 


OH OH OH 
е “OL 
+ 
CH; CH; CH; CH; 
Br 


SO;H 
(c) Both benzylic bromination and ring bromination take place; see Eq. 18.84. text p. 925. 
OH OH 
Br 
d 
CH;Br CH,Br 
Br 
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(d) (e) (f) 

no reaction O^ Na* OH OH 

ON 
ES 
CH; CH; CH; 
NO, 
(g) (h) 
$ o OH 9 
CH3CH;C 
+ 
CH; CH; CH; 
02 ™~CH,CH; 
i (k) 
OSO;CF, ^ н 
Qu а, "оү 
CH, CH; | 
18.48 (а) (b) 
H СНОН 
\ / 
CH4(CH;) H CH3(CH2),CH = C(CH3); 
ethylene 
(E£)-2-heptene-1-ol (gas) 2-methyl-2-heptene 


18.49 (a) Мегсаргапѕ are more acid:c than phenols; and aryl mercaptans (thiophenols) are more acidic than alkyl 
mercaptans for the same reason that phenols are more acidic than alcohols. The acidity order is 


Өх: à ( ys « C \-s 


cyclohexanol cyclohexyl тегсаріап benzenethiol 


pA, 


acidity, ————— —— — ——— ——— У: 


(b) Phenol is most acidic beczuse its conjugate-base anion is stabilized by both the polar and resonance 
effects of the phenyl group. The conjugate-base anion of benzyl alcohol is stabilized by the polar effect 
of the phenyl group. The conjugate-base anion of cyclohexanol has none of these stabilizing 
contributions. The acidity order is 
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Qe Он Qr 


cyclohexanol benzyl alcohol phenol 


я p ———————— 
acidity ——— —————————————— 


The p-nitro substituent stabilizes the p-nitrophenolate ion by both its resonance effect (see text Eq. 18.68 
on p. 915) and its polar effect; the p-chloro substituent stabilizes p-chlorophenolate ion only by its polar 
effect. The third compound is nitric acid, a strong acid. 115 conjugate-base anion, the nitrate ion, is 
stabilized both by the polar effect of the nitro group, which is much closer to the anionic oxygen than it is 
in the p nitrophenolate ion, and by a resonance effect: 


:0: (x :б:- 
zu "- AR / 5 / 


nitrite ion 


Here is the acidity order: 


20: 
AE d 
с! OH « ON OH < H—U—N. 


:0:7 


p-chlorophenol p-nitrophenol nitric acid 


mm p^, 
acidity - 


4-Nitrophenol is more acidic than phenol (see text p. 915), and benzenethiols are more acidic than 
phenols (element effect.) The acidity order is 


(rm cord em seen 


phenol 4-nitrophenol 4-nitrobenzenethiol 


tPA, 
ау ——————————————————————À 
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(e) Тһе para-aryl substituents all stabilize the respective conjugate-base alkoxide ions by bath a resonance 
and a polar effect. The nitro group of the meta-nitrophenyl substituent exerts an additional stabilizing 
polar effect; and the nitro group of the para-nitrophenyl substituent stabilizes the conjugate-base 
phenoxide ion by both a polar effect and a resonance effect: 


o :0: 


e : pK, 
—— adn ———————À 


18.50 The enol A is more acidic (by about five pK, units). The reason is that its conjugate-base anion is stabilized by 
resonance as shown below, whereas the conjugate-base anion of compound В is not resonance-stabilized. 


С T 


Hc cL n, TE Hc—C— Ён | 


18.51 (a) 
о 0: 
Cine, 
0: а 
C 
7 
o/ ‘cH, 


(b) The resonance structures below show that the negative charge is delocalized over the two oxygens and 
the a-carbon. 


О. б: 


о. „б: 
D | 
x. О 
T rd a .] 
C C 
o^ N o^ ‘cH, 
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(c) Тһе conjugate base form of Warfarin predominates at pH = 7.4. When the pH of a solution is more than 
two units greater than the pK, of a particular proton, we can say that the proton is >99% dissociated, as 
stated by rule 3 on text p. 107. Additionally, you can solve for the ratio of the dissociated to associated 
forms by using the Henderson-Hasselbalch equation, Eq. 3.29e on text p. 106. 


18.52 Hydrogenation of phenol A yields the corresponding cyclohexanol. Compound B reacts readily with HBr to 
give the benzylic bromide; the corresponding Grignard reagent undergoes protonolysis to give p-xylene. The 
ether group in compound C is cleaved by HBr to give bromoethane, С.Н;Вг (which is volatile under the high- 
temperature reaction conditions), and m-cresol. 


(b) (c) 
OC;H; 
A 2 m 
p-methylbenzyl alcohol H 
H3C (compound B) c 3 
-dimethylphenol m-ethoxytoluene 
ara A) (compound €) 


18.53 (а)  Cyclohexanol is ionized only to a very small extent in aqueous NaOH solution; phenol ionizes almost 
completely. 


Quum Ow O EO 


Both compounds react rapidly with NaH to give Н» and their conjugate bases: sodium cyclohexanolate in 
the case of cyclohexanol, and sodium phenolate (sodium phenoxide) in the case of phenol. 


(у= Qu 


sodium cyclohexanolate sodium phenolate 


(c) | Both compounds are converted into their triflate derivatives. 


[| 
( Yon «pon "E X - — 011 


cyclohexyl triflate рһепу! triflate 
trifluoromethanesulfonate 
(triflate group) 


(d) Only cyclohexanol reacts with concentrated HBr: because the C—O bond in phenol cannot be broken by 
Syl or Sy2 reactions, phenol is inert. except for a small degree of protonation of the phenol oxygen. The 
product in the case of cyclohexanol is bromocyclohexane. 


o> Br bromocyicohexane 
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18.54 


(e) Тһе phenol is brominated on the ring to give the following products; the alcohol is unaffected. 


Br 
OH OH 
Or". ЖҮ 
Br 


2-bromophenol 4-bromophenol 


(f) | Cyclohexanol is oxidized to cyclohexanone. whereas phenol is oxidized to p-benzoquinone. 


Cpe 0) 


cyclohexanone p-benzoquinone 


(g) Cyclohexanol undergoes dehydration to cyclohexene; phenol undergoes sulfonation. an electrophilic 
aromatic substitution reaction. 


SO;H 
cyclohexene 2-hydroxy- 4-hydroxy- 
benzenesulfonic benzenesulfonic 
acid acid 


(a) The second compound reacts in a nucleophilic aromatic substitution reaction. The first compound does 
not react in this way because it is not activated toward nucleophilic aromatic substitution; the nitro group 
is not attached to the ring. 


F RO K* OR 
(R =Hor CH9) _ 


ON ON 
CH; CH; 


In the interest of total accuracy we paint out that the first compound actually does react. but in a 
=> different way. A hydrogen of the —CH;— group is acidic enough to ionize in alcoholic KOH: 
can you see why? But it does not liberate F`. 


(b) The last compound. diphenyl ether. cannot be prepared by a Williamson ether synthesis. because such а 
synthesis would require an Sy2 reaction to occur at the carbon of a benzene ring. Notice that the first 
ether, tetrahydrofuran, can be prepared by an intramolecular Williamson synthesis from 4-bromo- l- 
butanol. Br—(CH;),—0OH. The second cther, ethoxybenzenc. can be prepared by a reaction of sodium 
phenolate, PhO” Na*, with ethyl iodide. 

(c) Тһе first compound undergoes solvolysis by ап Sy1 mechanism to give a mixture of an alcohol, an ether, 
an alkene, and HBr (thus the acidic solution). The second compound is inert, because aryl halides do not 
undergo solvolysis under neutral conditions. 


| (R =H or CH) | 
TU ————- ‚жы. $ pn * HBr 
CH; CH; 


CH; 
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(d)  Diphenyl ether will not cleave with НІ because such a cleavage would require an Syl or $52 reaction at 
the carbon of a benzene ring. and such reactions do not occur. Phenyl cyclohexyl ether, however, would 
cleave to phenol and iodocyclohexane: 


OO OD 0-0 


cyclohexy! phenyl ether diphenyl ether 
(inert to HI) 


18.55 The phenol group is unaffected in both compounds (except for a small amount of protonation of the phenol 
oxygen); the alcohol and ether groups react. 


OH OH 
+ CHBr 


CH;Br 


18.56 Potassium benzenethiolatc, a base, reacts with the tertiary alkyl halide in an E2 reaction: 
нс 
Ph—S' K* + (CHj.C—Br —» Ph—SH + с—оң + K'Br 
H3C 


18.57 Sodium ethoxide converts the thiol completely into its conjugate-base thiolate ion. 


(a) The thiolate ion is alkylated. (Remember from Sec. 17.4 of the text, that allyl bromide is a particularly 
reactive alkylating agent.) 


S Na* SCH,CH=CH, 


+ BrCHCH—CH; — > £e + NaBr 
НС CH; НС CH; 


ally! bromide 


product of thiol ionization 


(b) No further reaction of the thiolate occurs because bromobenzenc. an aryl halide, is inert to nucleophilic 
substitution and elimination reactions. (Sec. 18.1 of the text.) 


18.58 (a) The reaction of phenol as a base with the acid Н,50 4: 


H 
— || 
TI: + HSQ A , *QH HSO; 
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(b) First, consider polar effects. The phenyl group has an electron-withdrawing polar effect; this destabilizes 
the positively-charged corjugate acid of phenol. Such an effect is absent in the conjugate acid of the 
alcohol cyclohexanol beczuse its ring has no double bonds. Therefore. the polar effect reduces the 
basicity of the phenol rela:ive to the alcohol. Second. consider the resonance effect of the benzene ring. 
The source of this effect is the delocalization of an oxygen unshared electron pair into the ring: 


Lhe <> (i -—h- other structures 


resonance structures of phenol 


Such an effect is absent in the conjugate acid of the phenol because it would place two positive charges 
on the oxygen. an electronegative atom. 


A X 2+ 
„эе Cs 


conjugate acid of phenol 


Therefore, resonance stabilizes phenol relative to its conjugate acid and therefore reduces its basicity. 
(Another way to think of this situation is to imagine that delocalization of the oxygen unshared electron 
pair makes it "less available" for protonation.) Such a resonance effect is not present in the alcohol. The 
conclusion is that a phenol is much less basic than an alcohol because of both the polar effect and the 
resonance effect of the ring. Therefore, the alcohol is the stronger base. 


Because NaOH can ionize a phenol, particularly a relatively acidic phenol such as p-nitrophenol. which has a 
pK, of 7.21. the spectrum B (and the corresponding yellow color) is due to the conjugate base of the phenol. 
The UV absorption reflects conjugation of the extra unshared pair with the ring and its delocalization into the 
p-nitro group. as shown in Eq. 18.68, text p. 915. Addition of acid lowers the pH so that the un-ionized phenol 
is regenerated, and the UV spectrum of the phenoxide disappears. To summarize: 


NaOH 
| Y 


Amas 7 315 пт =at Amas” 392 пт 
(spectrum 4) O;N X ^ OH OXN 202 Ока (spectrum В) 
A њо" | 


It is the un-ionized form of vanillin that has the typical odor. In NaOH solution. the phenol group of vanillin 
ionizes to its conjugate-base phenoxide ion: because vanillin is no longer present, and because ionic compounds 
such as the conjugate-base phenoxide are not volatile. the odor disappears. (A compound has to be volatile— 
that is, it must have a significant vapor pressure—to enter the gas phase and thus reach the nostrils.) 
Acidification of the solution brings about protonation of the phenoxide and regeneration of vanillin and, hence. 
the characteristic odor. 


о OCH; о OCH; 
NaOH - 
HC OH ——> HC 07 Na* 
neutral compound: ionic compound: 
volatile, has vanilla odor nonvolatile, has no odor 
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The two principles involved in the solution to this problem are, first, that phenoxide ions are more soluble in 
water than are their conjugate-acid phenols: and second, that an acid is ionized when the pH of the solution is 
well above the pK, of the acid. The second principle can be demonstrated in two ways. Either use the rule of 
thumb that when the pH is more than two units greater than the pK, of the acid the acid is >99% dissociated 
(point 3 on text p. 107), or use Eq. 3.31a (or Eq. 3.31b) to find the percent of the acid in the ionized form (or un- 
ionized form) at each given pH.(text p. 101). These formulas can be solved to find precisely the ratio of 

[A [HA]. 

Condition (1) corresponds to a pH of about 1; neither phenol is ionized (much less than 1%), and therefore 
neither is soluble in this solution. Under condition (2), some fraction of 2.4-dinitrophenol is ionized (about 44% 
by Eq. 3.31a). but under condition (3), which is a pH value almost three units higher than the pK, of the phenol. 
2,4-dinitrophenol is >99% ionized. Because this pH value is more than three units below the pK, of p-cresol, 
this phenol is not ionized at pH = 7. Therefore, 2,4 dinitrophenol should be relatively soluble at this pH 
because it is ionized, and p-cresol remains insoluble in the aqueous buffer and can be recovered from the ether 
layer. This is the best condition to separate the two phenols by extraction. Condition (4) corresponds to a pH of 
about 13; both phenols are ionized at this pH, and both should Бе relatively soluble (as their conjugate-base 
phenoxides) in the aqueous layer. 


(a) Because the Sx2 reaction requires approach of the nucleophile from the backside of the C— Br bond. and 
because this would require approach of the nucleophile along the axis of the triple bond, the S42 reaction 
is impossible. 

(b)  I-Haloalkynes cannot undergo an Syl reaction. Such a reaction would require that a carbocation be 
formed at an sp-hybridized carbon. Yet carbocations optimally require sp^ hybridization, which, in turn. 
requires trigonal planar geometry. An alkyne carbon cannot achieve this geometry because its three 
bonds are connected to the same atom. Hence, the sp* hybridization required for carbocation formation 


is impossible. 
(a) 
0 
Нь д н 
4-hydroxy-3-methoxycinnamic acid Ir | — 
(ferulic acid) сњо Sis с db. „Он 
H О 
i) H д H 
| d | 
2 ә Pd Cw г” OH 
сно С Ed CH;O c | 
H Со: H О 
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(b) No. The phenolic group is meta ta the alkene and carboxylic acid groups and the radical that is formed 
fram proton abstraction cannot delocalize to the alkene and carboxylic acid groups. 


сњо H 
| —> 
3-hydrox y -4-methoxycinnamic acid ew 


single electron skips 


over this carbon 


^w) 


9 d 


C 
Ў, 
o^ "cH 


18.65 (а) The oxidation state is the number of valence electrons in the neutral atom (9) less the charge (+1) less the 
number of bonds to X-type ligands (2). (The nitrogens that have three bonds in addition to the metal- 
nitrogen bond are L-type ligands; the other nitrogen is an X-type ligand. The second X-type ligand is the 
cyano (—CN) group.) The oxidation state of Co is +3. 

(b) Тһе number is the valence electrons in the neutral atom (9) less the oxidation state (+3). Hence, Co in 
this complex is a d? metal. 

(c) — The electron count is the number of electrons in the neutral atom (9) less the charge (+1) plus the number 
of X-type ligands (2) plus twice the number of L-type ligands (4). The electron count is therefore 18e . 
This complex thus follows the eighteen-electron rule. 


18.66 (а) The number п is the valence electrons in the neutral atom (8) less the number of X-type ligands (5: two 


nitrogens, sulfur. and count oxygen twice since it is doubly bonded). Hence, Fe in this complex is a d" 
metal. 
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(b) Тһе electron count is u (3) plus twice the number of all ligands (7). The electron count is therefore 17e . 


18.67 By loss of a proton from the hydroxy group, the carbocation intermediate becomes the neutral compound that 
precipitates. (Formation of the electrophile is shown in Eq. 18.86. text p. 925.) 


OH o! — :бн, О 
Br Br Br Br 
T H— ÖH; 
ss, + 
Br Br-—O Br Br Br 
18.68  Solvolysis of the benzylic bromide results in a carbocation intermediate that can lose a proton to give the 


bracketed intermediate, an example of a quinone methide. which reacts with hydroxide ion as shown in the 
following equation. (See also Problem 18.85, text p. 943, for the formation of a similar type of intermediate.) 


CH, — Br: ү: 
arta 


Br + | ON Q^ -«—» ON QO |) == 
CH,—OH CH,—OH 
cy 
Sa ra 
18.69 (а) 
Cl Cl 
o * 
Q Ch. FeCl, fuming HNO, H,SO, 
———9 o —»- 
benzene NO; 
I-chloro-2,4-dinitrobenzene 
(b) 
NO; NO; NO; 
HNO;, H;SO, HNO, H;SO, Oh. Fech 
(harsher conditions) 


NO; ci NO; 


1 -chloro-3.5-dinitrobenzene 


Ма peri of tha menual Le uptos sed oi eh Outed! pem vor I eo E Ane бус. Wdasevra + тп pene «ng 0D (o8 Oh асу рика е edu: omen Tengo 


588 


CHAPTER 18 * ARYL AND VINYLIC HALIDES, PHENOLS, TRANSITION-METAL CATALYSIS 


(c) 

Ph H Br Br 

к» ad Br; | | K* (CH;);CO™ 
с=с —9 PhCHCHPh ——————» PhC=CPh 
/ N 
H Ph diphenylacetylene 
(d) 
(6 
Cl i а Cl SC;H; 
1) CH;CCI, AICI, 
2) H,0* o HNO;, H;SO, I ко, C;H«S" Na* © NO; 
ye 20У 2 
о CH; о CH; о CH; 

(e) 

CI OH OH 

N Cl N 
egent mes 
——— > --— > 
NO, NO, NO; 
prepared in part (a) 2-chloro-4,6-dinitrophenol 


(f) ^ See Eq. 18.94, text p. 928. Other sources of the rert-butyl cation electrophile could also be used, such as 
2-methylpropene and acid. Teri-butyl chloride and AICI; would probably not work well because of the 
tendency of phenols to form complexes with AICI. 


OH OH 


CH34C CH 
—M (CH3); C(CH3; 


CH; CH; 
p-cresol 2,6-di-tert-butyl-4-methyIphenol 
(BHT) 
(g) 
OH OH [9] 
OH OH о 
(CHy)sCOH, Н;50, Ag;0 
————- ——- 
C(CH3)3 C(CH3); 
(h) 
„2, 


Mg 2)H0* 
Par ———= PhMgBr DO E PhCH,CH;OH 


bromobenzene 2-phenyI-I-ethanol 
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) 
О-===-О- 
fluorobenzene — он, )- OCH,CH,Ph 


1-nitro-4-(2-phenylethoxy)benzene 


(i 


PhCH,CH;OH Ман .. PhCH;CH;O" Na* 


0) First, prepare bromobenzene from benzene. 


О = On 


bromobenzene 


Next. prepare 1-bromo-3-nitrobenzene from benzene. 


HNO,, H;SO, А 
OT Ot (уе 


Br 
1-bromo-3-nitrobenzene 
Then carry out a Heck reaction of either aryl halide with ethylene. We'll use 1-bromo-3-nitrobenzene. 
as Pd(PPh;),, (СН) ар 
Мв + неси, —— > (cH =e 
ON ON 
1-bromo-3-nitrobenzene m-nitrostyrene 


Finally, carry out another Heck reaction using m-nitrostyrene and bromobenzene (using somewhat 
harsher conditions). 


H 
N 
PA 
Б N 
=o + TE POPPhe (CHIN d 
H 


ON bromobenzene ON 


m-nitrostyrene 
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(k) First. prepare the Grignard reagent from the aryl bromide, and use it to prepare the corresponding aryl 
boronic acid. Couple the resulting aryl boronic acid with (E)-1-bromo-2-phenylethene in the presence of 
a Pd(0) catalyst and aquecus base (Suzuki coupling). 
"ori 


ad ub odd = Mio di 
—- 
ether 
H Pd(PPh;), 
B(OH); | we 45 mol 


H 


Alternatively, couple the aryl bromide with (E)-1-catecholboranyl-2-phenylethene in the presence of a 
Pd(0) catalyst, sodium ethoxide, and a non-aqueous solvent (Suzuki coupling)— water would hydrolyze 
the catecholboranyl reagent. 


Pd(PPh;), H 
оте | 
Q4 E. o E : CO 
benzene | 
H 


(D First, nitrate bromobenzene to produce |-bromo-4-nitrobenzene. 


bromobenzene p-bromonitrobenzene 


Then carry out a Heck reaction with ethylene. 
y РРР), (СН) 
on Ув + HC=CH, ——————~> 0, м / Xoz CH, 
\= 


p-bromonitrobenzene ethylene p-nitrostyrene 


Finally, react p-nitrostyrene with cis-2-buten-!.4-diol in an alkene metathesis. 
HOCH, СНОН Gi catalyst 


on Уно + pe — TO. | 
== 2 = Se 
ГА \ CHL [o 
vU “он,он 


H H 


p-nitrostyrene 
cis-2-buten-1.4-diol H 


(m) First, prepare the Grignard reagent from the alkyne, and use it to prepare the corresponding stannane. 
PhC=C—H + CHMgBr ——» PhC=C—MgBr + CH, 
PhC=C—MgBr + СЇ$п(СН,); ——» PhC==C—Sn(CH,),; + CIMgBr 
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Next. prepare the triflate of the phenol. 
[e] [e] 
1 | 
$—0—S$—CF; 
I } 
е) 


О) aes С) 
~*~ ” 


4-methoxyphenol 


F,C— 


Finally. couple the triflate and the stannane in a Stille reaction. 


7775 
PhC=C— Sn(Ch;) + ТЮ UK eem — Phe =c OCH; 


(n) The indicated compound may be obtained by a Suzuki coupling. First, prepare a dile boronic acid 
derivative by reacting 1-hexyne with catecholborane (see Eq. 18.51, text p. 905). 


о Qy 
H B 
pas LAU 2 
CH4CHj,C—CH + H—B | 7s" с=с 
0 М2 
I-hexyne CH3CH;CH;CH; H 


catecholborane 


Next, prepare the aryl halide. Brominate resorcinol under mild conditions to produce a monobrominated 
product. Then carry out a Williamson ether synthesis with an excess of ethyl iodide. 


r Br 
1) Маон, H;O 
уг OH в, OH 2C) OC;H; 
| — —_— > 
2 сс 
Он OH осун; 
Finally, couple the vinylic boronic acid derivative with the aryl halide in a Suzuki reaction. 
pg Pd(PPh;), H OCH; 
H B OCHs (4. ihn | 
Y == d ^о РЕН... РН „© EN 
у=, ЊОТНЕ > CH4CH;CH;CH; Б 
CH4CH;CH;CH; H H OC;Hs 
OC;H; 


Another route to this compound involves alkene metathesis between 1-hexene and 2,4-dicthoxystyrene. 
Show how each of these compounds can be synthesized. 


(0) Start with (2-cyclohexenyl)benzene, which is prepared from iodobenzene and cyclohexene by a Heck 
reaction as shown in Eq. 18.44, text p. 902. 


= 
= в 
(2-cclohexenvl)benzene О 
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It is reasonable to suppose that epoxidation will occur at the face of the ring opposite to that occupied by 
the bulky phenyl group. (As noted in the problem. the product is a racemate because the reagents are 
achiral.) 


18.70 (а) Fluoride ion is displaced in a nucleophilic aromatic substitution reaction by ethanethiolate ion. 


он), "3 


(b) Тһе product is formed by a nucleophilic aromatic substitution reaction in which chloride is displaced by 
hydroxide ion. The product is ionized by ОН present in the reaction mixture; addition of acid (H,;O*) 
forms the neutral phenol. 


O;N NO; 


NO; 


(c) Тһе NaOH ionizes the phenol. The resulting phenolate ion is methylated by dimethyl sulfate to form the 
methyl ether. which is then hydrogenated to the corresponding cyclohexane. 


i 
Pisces dicis 


о 
Е" dimethyl sulfate Hp, cat. 
CH4CH; О №" — CH;CH, OCH, ———> 
ohoh 00s 


cis-I1-ethyI-4-methoxycyclohexane 


(d) Мо reaction occurs under the mild conditions. 
(c) This is a Suzuki coupling reaction in which pyridine derivatives are used instead of benzene derivatives. 


2 | ВОН; | Br. z | ӘРЕМ catalyst 
4 ——— 
[0] 
SN SN al 
CH, 
(f) 
NO; 


OM жа 
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(g) Bromine is introduced at the ring position that is activated by two hydroxy groups. 
OH 


(h)  Thisis a Stille reaction that results in a coupling between the stannane and the triflate derivative of the 
naphthol. 


OH 


hi 


Le | + Cl—Sn(CH,CH,CH,CH;); + Ш “OTF 


(i) This is a Heck reaction between a vinylic halide and an alkene. Vinylic halides react in many cases like 
aryl halides in Pd-mediated coupling reactions. The coupling with cyclic alkenes result in coupling at an 
allylic position, as in Eqs. 18.43 and 18.44 on text p. 846-847. 


(0) 
I .4-naphthoquinone 


(К) Oxidation occurs to give the quinone. 


OH О 
e Na;Cr;0; 
Cl Cl 
О 


m-chlorophenol 


2«hloro-2.5-cy clohexadien-1,4-dione 
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(1) The methanesulfonate derivative of 2,4-dinitrophenol undergoes а nucleophilic substitution reaction in 
which the methanesulfonate group is displaced by methoxide. 


OH OSO;CHs 
NO; NO; NO 
CH3S0,C1 CHO TN 
pyridine CH,OH > "o чыг. 
NO) NO, 


NO, 
2,4-dinitrophenol 1-methoxy-2,4-dinitrobenzene 


(m)  Nucleophilic aromatic substitution occurs at the position that is ortho und para to the nitro groups, 
because this involves the more stable anionic intermediate (Meisenheimer complex). 


SCH,CH(CH;), 
Br NO, 


NO; 


(n) The methyl ethers are cleaved but the phenyl ethers are not. [See the solution to Problem 18.54(d).] 


ww jo ә + 2CH,Br 


(o)  Alkene metathesis produces the more stable trans alkene; asymmetric epoxidation (see Sec. 11.11 in the 
text) produces the epoxide shown (see Eq. 11.81a, text p. 556. for an equivalent reaction). 


„CHOH 
CHACA ссн 


Nu 
о 
(р) Тһе intramolecular alkene metathesis forms а 12-membered cyclic alkene. Recall that 8- or larger 
membered cyclic alkenes can accommodate a trans double bond (see Sec. 7.6C in the text). Thus 


compounds X and Y are cis/trans isomers. 
T * H;C i CH; 
e" CH; еер: 


H CH; 


compounds Х and Y 


Since the only difference between compound X or compound Y is the stereochemistry at the alkene 
double bond, catalytic hydrogenation of either compound X or compound Y produces compound Z. 


compound Z 
pM CH; 


H 
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(q) Тһе large bulky 9-BBN converts the alkene to an organoborane (see Section 5.4В in the text) in which 
the boron adds regioselectively to the terminal carbon. Subsequent reaction with the vinylic bromide in 
the presence of a palladium catalyst and aqueous sodium carbonate couples to alkyl borane and the vinyl 
bromide. In this reaction, a new stereocenter (*) is formed. Neglecting the stereochemistry at this center 
for the moment, the result of the reaction is as follows: 


нс нс h j F^ 

H3C Y= CH, H3C X- dd "di )- OCH; 
СЕ ч mitt T 
aqueous Na;CO, 

HC H OH 

3 \ / 
НС 7. CH; 
“Н =e + + Nat + Br + ~B(OH), 


Note that the cis-1 5-cyclooctanediol is produced when 9-BBN is hydrolyzed: 9-BBN is formed 
=> by reacting borane with | .5-cyclooctadiene. 


Now to the stereochemistry of the new stereocenter. There can be no doubt that the 9-BBN reacts with 
the face of the double bond at the side opposite the angular methyl group. However. there are two 
possible conformations about the single bond between the ring and the vinylic carbon at which such a 
reaction is possible: each conformation gives a different stereoisomer. 


5 stereoisomer 


нс E 
He =н HA CH,—B 
Sal 9-BBN ( 1 5 ‘ 
——ъ» 
i 
H 


conformation A 
R stereoisomer 
H.C B—CH, H 
\ > S 
H.C C— CH; HaC *C— CH; 
il 9-BBN uh 
і i 


H H 


conformation B 
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596 
The product from conformation В has much more steric interference with the angular methyl group 
because of the large group attached to boron. Therefore, the product is derived from conformation A. It 
has & stereochemistry because introduction of the OH group changes priorities at the stereocenter. 
S stereoisomer R stereoisomer 
HC |н нс үн 
3 Nii 3 Ni 
H,c *C—CH— В нс *C—CH:— OH 
LH _ {ЖТТ 
H707, OH , 
E H 
18.71 (а) Тһе simplest way to visualize the polymer resulting from the ROMP reaction is to break the alkene at the 


C=C bond and then draw the result with a set of parentheses. Finally, mentally break the section 
between the fragment ends, and then place them on either side of a C=C bond. 


alkana 


EE É CHCH CHA = +сназсн = ciens + 


alkene 
— 
Э п 


18.72 (а)  Inthe Diels-Alder reaction of 1,3-cyclopentadiene то yield endo-dicyclopentadtene, one ot the 1,2- 
cyclopentadiene molecules as the "diene" and the other acts as the "dienophile." 


00-4 


endo-dicyclopentadiene 


(b) 


ib) Тһе ROMP reaction using endo-dicyclopentadiene produces a cyclopentane ring bearing four alkene 
"ends" that can recombine is many different ways producing a 3-dimensional network. Consider the 
difference in strength hetween a thread and a piece of cloth (2-dimensional lattice). A 3-dimensional 
lattice is magnitudes stronger and more rigid than a 1- or 2-dimensional structure. 


CH 
1 )-. cH 


T CH;CH3- 
=ЕСн n 


a 3-dimensional polymer 


н 
H 
A ш, 


This structure is simplified, because each double hond is connected to a double bond at any of the 
possible positions in another monomer. 


18.73 The basic principle needed to understand the results is that elimination is most rapid when it occurs with anti 
stereochemistry. In the first reaction. anti-elimination leads to the observed product. In the second reaction. 
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formation of the alkyne requires a slower syn-elimination: hence, another process can compete, namely. 
elimination of a methyl hydrogen and the bromine to form the allene. In the first reaction. elimination of the 
methyl hydrogen to form the allene is a slower process because allenes are not so stable as alkynes. The 
transition state for elimination is destabilized by its allene-like character. (The methyl hydrogens are 
approximately as acidic as the vinylic hydrogens because they are allylic.) It is also possible that the allene is 
the only product formed in the second reaction and that the alkyne is formed by a base-catalyzed isomerization 
of the allene: 


Н а 
H ^ к cules 
| - ED 
н;с=с=б=осн,сн, <— | H,C=C=C—OCH,CH, =—= H,C—C=C—OCH,CH, | —= 


H;C—C==C —OCH,CH, + ÖH 


18.74 Because vinylic halides do not undergo S42 or Sx! reactions, this substitution must occur by an unusual 
mechanism. The key to this solution is to recognize that the leaving-group effect and the effect of a pura-nitro 
substituent are much the same as they are in nucleophilic aromatic substitution. This reaction, in fact, occurs by 
a mechanism that is much like the mechanism of nucleophilic aromatic substitution, except that it takes place at 
a vinylic carbon. The para-nitro group accelerates the reaction by affording additional resonance stabilization 
of the anionic intermediate A. 


Я 
AWA | | | 
/ T T - other 
C=C icH cp — бон, £-6 —(CH. <> oO. 
H H H 
L 
anionic intermediate 4 
X :ÜC;H 
LE "a NN 
17 eile —QH iili" * X 
H H 
anion A 


18.75 The spectrum is consistent with the formation of an anionic intermediate—a stable Meiscnheimer complex. 
(The dotted lines symbolize resonance delocalization of the negative charge.) If you draw out the resonance 
structures for this ion. you will see that charge is delocalized to the carbons bearing the nitro groups, and it can 
also be delocalized into the nitro groups. However, charge is no: delocalized to the other carbons. Hence. the 
protons on these carbons do not show the smaller chemical shift that would be expected if there were high 
electron density on these carbons. 
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5 3.3 56.3 
CH0, H 
ON. X _NO, 
Р, ЧУ - 


AS AAN 
6087 H^ "y^ ^H 687 
NO; 


18.76 The reaction that forms compound X is a Avdroalumination, and it is completely analogous to hydroboration. 
The structure of X is 


СН H 
N / 
С=С compound X 
/ Ж 
H Al[(CH,CH(CH3)2} 
The second reaction is very much like a Stille coupling. We expect the carbon-aluminum bond to behave much 


like other carbon-metal bonds, for example, the carbon-tin bond in a stannane. And the vinylic iodide group is 
much like a triflate group in the sense that it is a good leaving group. The structure of the coupling product Y is 


/ Е \ / nim: compound ¥ 
H С=с 

/ \ 

н H 


The by-product of the reaction is the dialkyliodoalane, I—AI(CH4CH(CH 3);];. 
18.77 1f PPh, reacts with a chlorine. an additional electron pair can be moved to the Pd. 


C 
A Aa —- аф СЁР —> fa + (e Ci — PPh, 
Cl Pd(0) | 


Cl 
PPh, 
/ 
с! 


18.78 (a) This isa nucleophilic aromatic substitution reaction. Notice that the cyano group (:М==С—) can 


stabilize the intermediate А by resonance. 
ч —» N=C N 
N / 
/ ) H 
#:7 


È —> N=C 


N=C ) 
H Ө; j t 


(b) Protonation of 2-methylpropene gives the tert-butyl cation, which serves as the electrophile in an 
electrophilic aromatic substitution reaction. 
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A 


(CH;),C=CH, `HÖSOH —> (CHkC—CH  :0S03H 


tert-butyl cation 


" y (CH34C 
(CH;)3C ~_ & 279 —» w 2-9 = сн jok 
ae 


tert-butyl cation 
(redrawn) 


+ H—OSO;H 


18.79 The actual catalytic species is probably Pd(PPh);. as shown by Eq. 18.43a on text p. 902. The likely steps 


599 


include an oxidative addition. followed by a ligand substitution. and finally a reductive elimination to yield the 


product. 


18.80 (a) 


нс L y +FC—Cu cum ——— FC -( Sa, + 1—6 
p 


(b) As noted on text pp. 401-3, ""F-containing cumpounds ше useful in pusitiun emission tomography, or 


PET. 


18.81 In I-chloro-4-nitrobenzenc. the dipole cantributions of the carbon-chlorine bond and the nitro group are 
oriented in opposite directions: consequently. the net dipole moment is smaller than it is in nitrobenzene, in 
which only a dipole contribution of the nitro group is present. 


CLC bond dipole «+ /—\—— dipole contribution of nitro group 
EY , NO; 
++ 
——_» 
+— resultant 


The analysis of p-nitroanisok is similar, except that there is an additional effect: the very powerful electron- 


donating resonance effect of the methoxy group. Delocalization of an unshared electron pair from the oxygen 


of the methoxy group into the nitro group creates separation of charge that results in a large dipole moment. 
similar resonance effect is present іп !-chloro-4-nitrobenzene, but, because the resonance effect of a chloro 
group is much weaker than that of a methoxy group (Fig. 16.7. text p. 819). it is not sufficient to offset the 
opposing contribution of the chlorine—carbon bond dipole. 


| :0: 6:7 
Fee ei 42 / 
| :б:7 :0:7 


This resonance structure has 
a large separation of charge. and 
hence a signilicant contribution 
to the dipole moment. 
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18.82 Because the glycol starting material is also a chlorohydrin, and because the phenoxide salt is a base, epoxide 
formation takes place rapidly, accompanied by the formation of NaCl. (See Sec. 11.3B in the text.) Itis the 
epoxide that actually alkylates the phenol more slowly. The hydroxide ion produced in the last step maintains 
the phenol in its ionized form. 


CH; 
Nat *¢l—CH,—CH—CH, 
CH; Na* 


iO: OH 8 


.. tt | | ам VN С) 
ӧн + A, —(бн—0% - H;C—CH—CH, + Ма+:@:- 


| “OH пот last step) 
ү 


Сн, х OH бн; у он 
$9 a HN N ӧн 
——>» 


slow 


" "N, | > 
б њен н Ae Ü— CH, — CH — CH, 


CH; :бн OH 


S bd А 
Q—CH;— СН — СН, + ~:QH 
mephenesin 


18.831  Theonly way to accommodate these results is for the labeled carbon and an adjacent carbon to become 
equivalent at some point. The hint suggests a B-climination to give an alkyne called benzyne. 


N 
e Cl a 
Clk — (++ Ge 
H~~:NH, ic d 


benzyne 
Because benzyne is highly strained (why), it undergoes an unusual reaction: a nucleophilic reaction of the 
“NH; at a carbon of the triple bond to give a carbanion. which is protonated to give the aniline product. Because 
benzyne is symmetrical except for the label, the reactions of the МН, at the two carbons of the triple bond are 
equally likely. Consequently. the products are formed in identical amounts. 
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Ы * т — H fx, * H f. 
| кк. ЛРС с Ў + NH; 
Scan RS н, йн, 


«ÑH, 5 we A. s Nh * 
ls —»- „- УНАН; — + NH; 
1 H 


18.84 Deduce the structure of the "very interesting intermediate" by mentally imagining a “reverse Diels-Alder” 
reaction of triptycene that yields anthracene and the intermediate, which is benzyne: 


benzyne 
MEE PAM 
(FRO 
triptycene anthracene 


The Grignard reagent has carbanion character, and this “carbanion” is a strong base. Elimination of the weaker 
base fluoride gives benzyne: 


„Т N ә а "- x 
[ K + — | | + ФЕ: MuBr >> FAR 
C 8." MeBr cd 

б+ 


тео Because alkynes require lincar geometry. it is difficult ta incorporate then into six-membered 

=>] tings. Therefore. benzyne is highly strained and, although it is a neutral molecule. it is very 

unstable. (Benzyne is about 205 kJ mol! (49 kcal moi!) more unstable than an ordinary 

И alkyne.) Indeed. benzyne has been too reactive to isolate except at temperatures near absolute 
zero. (See also the solution to Problem 18.83 in this manual.) 


18.85 The six-proton singlet in the NMR spectrum indicates that the two methyl groups ortho to the oxygen have been 
retained: this resonance cannot be due to one ortho methyl and one para methyl. because these would not be 
chemically equivalent. The :wo-proton singlet at 6 5.49 indicates two alkene protons, and the two-proton 
singlet at 6 6.76 is accounted for by the two ring protons, which evidently remain. The total number of protons 
accounted for by the NMR spectrum are two fewer than are present in the starting material. The conditions are 
much like those for oxidation of a phenol to a quinone. The structure below for compound A fits the data; the 
singlets are all broad because of very slight splitting over more than three bonds. 


o 
61.90 HCH „Сн, 51.90 


| | compound 4 


“ 


8676 H^ i d 5H 56.76 


8549 H^ “Н 55.49 
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18.86 


18.87 
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The two reactions are intramolecular Friedel-Crafts acylations. The first equivalent of AlBr:, a strong Lewis 
acid, forms a complex with the acid chloride group to generate the electrophile, an acylium ion. as discussed in 
Sec. 16.4F of the text. and is also consumed by formation of a complex with the product. As the lower reaction 
in the problem shows. the acylium ion reacts at a position para to a methoxy group. because a methoxy group is 
both ortho, para-directing and strongly activating. The question. then. is why reaction occurs at the ring that 
does not have methoxy substituents when more Lewis acid is present. The answer is that the second and third 
equivalents of Lewis acid form complexes with the methoxy groups: 


AIBr; "Al Br; 


| 
сн) —> сн) 


А complexed methoxy group carnot donate an unshared electron pair by resonance, because its unshared pair is 
already "donated" to the aluminum. Consequently. the methoxy group. through this complexation. is 
transformed into an electronegative group that is incapable of a resonance effect. An electronegative group that 
cannot donate electrons by resonance is a deactivating group. and a ring containing such a group (or two such 
groups) undergoes substitution more slowly than a ring without such substituents. In other words. acylation of 
the ring that does not contain such deactivating substituents is the faster acylation. 


To begin. examine the starting material and the product. Note that left chain (heavy dotted line) in the starting 
material becomes the “чор” of the three 6-membered rings. the middle chain becomes the “bottom” of the three 
6-membered rings, and the right chain (heavy solid gray line) becomes the 5-membered ring. Label the four 
rings А. B. C. and D for reference. Also note that the sp- and sp^-hybridized carbons (denoted by the diamonds) 
in the starting material correspond to the sp^-hybridized carbons in the product (denoted by the diamonds). 
Simplify the starting material. using a scrics of R groups. to make drawing the mechanism casier. 


OR 


OR 
5 2 5 2 
Г t | | 4 
' f C 6 C C 
п M da i d CH, \ \ сн; 
c от ы 1 1 
ar Re Кк yg в " R? 
2020. €! C C 
^W 2 I 2 T 
CH; CH; CH CH 


CH; 


Starting from the right side of the starting material, the first step is loss of the P(Cy); ligand by ligand 
dissociation. Ruthenium accepts a pair of electrons from the alkene in R'CH—CH.. A cycloaddition occurs 
forming a mctallacycle (a ligand insertion). The metallacycle undergoes a cycloreversion to form a new alkene. 
which dissociates from the camplex leaving the catalyst "primed" with the starting material. 
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P(Cy); P(Cy); Р(Су); 
4 R'CH = CH; 
CLRu=CH—Ph === ChRu=CH—Ph ————> CiRu=CH—Ph —> 
" — 
P(Cy); Чен R'CH3- CH, 
Grubbs G1 catalyst 
rund po j^ 
CjRu = СН Рп  ——* ClLRu==CH—Ph —* cdm cii Ph —> 
vor CH RICHÈ Ch, К CH, 
ee P(Cy); 
CH — Ph - Н.С = CHPh 
C Ru +—} ба. ы ШТ 
nm | 
CH CH 
А к 


Next, ruthenium accepts a pair of electrons from the alkyne in КС==СВ'. A cycloaddition occurs forming a 
metallacycle (a ligand insertion). The metallacycle undergoes a cycloreversion to form a new alkene. which 
dissociates from the complex leaving the catalyst “primed” with the next alkene group. Note that R' and В? in 
the newly formed alkene are actually the cyclopentene (D ring) and the top portion of the product. 


PC: Р(Су)з 
3 = 2 
ChRu=CH—R' Ss (Ri CH—R' —% 
RIC = CR? 
pons ү» ү” 
ойон — СКЫ СН — А —* Суви a CH—R' —* 
3 2 v 
РС SE CR ric = св? RICE CR? 
P(Cy); Р(Су)з OR 
CH—R' ——» c 
С.Ви 4 ClRu 
, | cm | 6 с; 
в — с R—C C | “Rud, 
C=CH—R' oue 
d Ré P(Cy); 


Next. ruthenium accepts a pair of electrons from the alkyne in R°C=C—. A cycloaddition occurs forming a 
metallacycle (a ligand insert:on). The metallacycle undergoes a cycloreversion to form a cyclohexene (the C 
ring), which dissociates from the complex leaving the catalyst "primed" with the next alkene group. 
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OR OR OR 
IKES — NO S oem INE ps — 
C RuCl См К CNI СК 
| R ^ | RuCl, | RuCl, 
R Р(Су), Rê 1 ii 
P(Cy); Р(Су)з 
OR OR OR 


P(Cy); Р(Су)з 


Next. ruthenium accepts a pair of electrons from the alkyne in НС==С— of the terminal end of the micdle chain 
of the starting material. А cycloaddition occurs forming a metallacycle (a ligand insertion). The metallacycle 
undergoes a cycloreversion to form another cyclohexene (the B ring). which dissociates from the complex 
leaving the catalyst “primed” with the next alkene group. 


е —- Н — (o С —- 
CH, CH, wh с, 
(Cy);P — RuCl, | (Cy);P — RuCl, | Cl,Ru 
CH, нс C— CH, HC==C—CH, 
C 
| 
CH 
OR OR 
6 
(СУР R => PO © 
o» x 
u 
ә; “он 


Lastly, ruthenium accepts a pair of electrons from (ће alkene in RÉ of the left chain of the starting material. А 
cycloaddition occurs forming a metallacycle (a ligand insertion). The metallacycle undergoes a cycloreversion 
to form another cyclohexene (the A ring), which dissociates from the complex leaving the catalyst “primed” 
with the next alkene group. 
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OR OR OR 


OR OR 


HC 
T P(Cy); 
i 


E 
Р(Су)з CRu— CH — CH; 


Repetition of this cycle gives the by-product alkene propenc in the first step. 


18.88 (a) We consider only the cross-metathesis products. The pairwise mechanism predicts a 1:1 reaction between 
the two alkenes and thus produces only one product. 


WR 
«) А 
catalyst — .—., Zy N E A 
C) P 2,7-dccadiene 


cyclobutane 

intermediate 
In contrast. the metathesis of cyclopentane with (E)-2-pentene produces three products in a ratio of 1:2:1. 
Cyclopentene can produce only one "fragment" (fragment A). a “double-headed” fragment, while (£)-2- 
pentene produces two (fragments B and C). Thus. fragment А can combine with two fragment Bs. two 
fragment Cs, or one of each (in twa different combinations): B + A + В (2.7-nonadiene), C+ A + C (3,8- 
undecadiene). and B + A + C and C + A + B (2,7-decadiene). Note that B + A + C and C + A + B produce 
the same product and thus twice as much of that product is formed. 


"мым. 2,7-nonadiene 
А В C + 
Q + “чыч. —> €. sS DAS 2,7-0ecadiine 
+ 
clo: ie 
cyclopentene — (£)-2-pentene NAANA NANS 38-undecadiene 


(b) Тһе pairwise mechanism can only give ethylene and ethyiene-d,, because at no point in the mechanism 
does опе of the CH; (or СР.) groups become detached from its parent molecule: 
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H 


CH; CH 
catalyst H catalyst + | | 2 


H 


D 
CD 
СР V CD; 
CD; 
CD 
: D 
To see the results of the metallacycle mechanism, note that M—CH; and М==С 0; (where M = the 
ruthenium and its ligands) arc formed in the first catalytic cycle. (We leave it to you to fill in the dctails.) 


dg ONE 
+ M=CHPh —> id + 
сњ CH, Сн, 
CD; M — CHPh 
+ M—CHPh ——» к f+ | 
CD; CD; CD; 


Now, ethylene-d; can form in two ways: by the reaction of M—CH ^; with the d,-diene starting material. 
or by the reaction of M—CD, with the undeuterated diene: 


Z Ch M M CD; 
+ | —- + | + | 
cH, ©® CH, CH, 


However, ethylene-d, can form in only one way—the reaction of M—CD) with the d,-diene starting 
material: and ethylene-d, can form in only one way—the reaction of M—CH:; with the undeutcrated 
diene starting material. Consequently, the formation of ethylene- enjoys a two-fold statistical 
advantage. and the ratio of the three ethylenes is therefore HxC—CH; : Н.С==С0, : D;IC—CD. = 1:2: 
|. The result of this very elegant experiment was that the three ethylenes were formed in this statistical 
ratio. 


18.89 (а) Тһе vinylic boronic acid reacts with bromine via a bromonium ion to give the dibromo product. Rotation 
around the C—C bond positions the boronic acid anti to the bromine on the adjacent carbon. Hydroxide 
ion (a Brensted base) reacts with the horon (a Bronsted acid) ta form borate, and excellent leaving group. 
Anti-elimination of the borate and bromide affords the vinyl bromide; the overall reaction thus occurs 
with inversion of configuration. 
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BW —— c NOB  —— в. PR + Br + B(OH); 
H ‘Br: \ 


B(OH), 


(b)  lodinc adds to the vinylic boronic acid to form an iodonium ion. to which hydroxide ion adds to form an 
iodohydrin (see Sec. 5.2B of the text). Rotation around the C—C bond positions the boronic acid anti to 
the hydroxy group on the adjacent carbon. The hydroxy group (a Brensted base) reacts with the boron (a 
Brensted acid) to form a cyclic borate that breaks down by a syn-elimination to afford the vinylic iodide 
with overall retention of configuration. 


СС — ХСС —> с=с + dr + Bon, 
£o [2- i 
HQ:— —b(OH) HQ — B(OH) 


First, recognize that the bombykol carbon skeleton is comprised of only the 10-undecyne-1-ol and |-pentyne 
carbon skeletons, thus a "coupling" of the two starting materials would give the desired product. Suzuki 
coupling involves a vinyl halide and a vinyl boronic acid. But which starting material should be converted to 
the boronic acid and which should be converted to the vinyl halide? Recall that reaction of a borohydride. such 
as catecholborane (see Eq. 13.51, text p. 905), with an alkyne produces a trans alkene horonic acid product via 
syn-addition of the borohydride. Inspecting the stereochemistry of bombykol. the hydroxynonyl group 
I—(CH2)yOH] is trans to the rest of the molecule while the propyl group is cis. Thus, reaction of the boronic 
acid formed by the addition of catecholborane to 1-pentyne followed by bromine addition in dichloromethane 
and the resulting product treated with aqueous sodium hydroxide [see Problem 18.89(a), text p. 943] produces a 
cis-vinylic bromide. Coupling the trans-boronic acid with the crs-vinylic bromide with a palladium catalyst in 
the presence of sodium ethoxide will produce bombykol. 
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H H 
\ / 
CH3;CH,CH,C=CH <= с=с H 
| CH;CH;CH; m C c> HCssC(CH;0H 
H (CH2),.OH | 
catecholborane 
о 
/ Ра(РР№), catalyst 
ч A X2 benzene | Na+ CH,CHO- o. 
с=с 9 B H 
/ \ 1) Br; in CHC, о \ / 
H H (CH;),OH 
С=с 


CH;CH,CH, Br 


18.91 The hydride of potassium tri(isopropoxy)borohydride forms a Lewis acid-base association product with the 
boron. This positions the hydride for backside substitution at the vinylic carbon. which occurs with inversion of 


configuration. 
CH3CH;CH;CH; Br CH;CH;CH;CH; oF CH3CH;CH;CH; B(OPPr); 
с=с — с=с —> c=C 
/ \ K ux / N 
4 . B(OPr); H X ВОР H H 
PP T KE + K'Br 
K ((PrO),8B — H ip (РгО),В 


This mechanism would appear to violate the principle developed on text p. 881—that backside substitution does 
not occur at a vinylic carbon. However such a mechanism is reasonable in this case. because, first. the hydride 
is small and suffers little steric repulsion with the other hydrogen on the same side of the double bond: and 
second. the reaction should be accelerated because it is intramolecular (Sec. 11.8). This acceleration 
counterbalances the normally slow substitution at a vinylic carbon. 


18.92 Whether the nucleophile occurs in biological systems or in the laboratory, nucleophilic substitution does not 
occur on aryl derivatives (see Sec. 18.1 of the text) unless the ring is activated by electron-withdrawing groups 
(such as carbonyl groups or nitro groups) that stabilize the Meisenheimer complex in nucleophilic aromatic 
substitution. (See Sec. 18.4 of the text.) Furthermore, both fluoride and cyanide are fairly strong bases (see 
Table 3.1, text p. 102) and are therefore very poor leaving groups. 
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Aldehydes and Ketones 


Carbonyl-Addition Reactions 


STUDY GUIDE LINKS 


LT 19.1 Lewis-Acid Catalysis 


Equation 16.15c on text p. 806 focused on Lewis-acid interactions with leaving groups. What you 
should notice about both Grignard reagents and lithium aluminum hydride is the important role of 
Lewis acid catalysis in promoting reactions of these reagents with carbonyl compounds (as well as 
with epoxides: Eq. 11.41, text p. 530). Each reagent has its own "built-in" Lewis acid catalyst. As 
explained in the text, the Lewis acid catalyst in LiAIH, reductions is the lithium ion, Li‘; and the 
Lewis acid catalyst in Grignard reactions is the magnesium of the Grignard reagent. 

Why not use proton (Brgnsted) acids as catalysts in these reactions? Don't forget that both 
LiAIH, and Grignard reagents react instantaneously with protons of even weak acids such as water 
and alcohols. Consequently. the use of proton acids is not an option, because such acids destroy 
the reagents. Only after the addition of these reagents takes place can a proton source he added to 
the reaction mixture to replace the Lewis acid (Li* or *MgBr) with a hydrogen. 

What you should notice here is that the Lewis acid serves the role of a "substitute proton”—or 
“fat proton.” as one of the authar’s colleagues likes to call it—and fulfills exactly the same 
catalytic role that a proton would fulfill if a proton could be used. 


19.2 Reactions That Form Carbon-Carbon Bonds 


It’s important to pay special attention to the reactions that can be used to form carbon-carbon 
bonds, for these are the reactions that are used to build up carbon skeletons. A complete list of 
these reactions, in the order in which they occur in the text, can be found in Appendix VI of the 
text. p. A-13. The three reactions for forming carban-carbon bonds you either have encountered. 
or will encounter, in this chapter are cyanohydrin formation (Sec. 19.7). reactions of Grignard and 
related reagents with aldehydes and ketones (Sec. 19.9). and the Wittig alkene synthesis (Sec. 
19.13). How many others can you list? Can you give examples of each? Do you understand the 
limitations of each, if any. and the reasons for these limitations? 
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19.3 Alcohol Synthesis 


Study Guide Link 19.2 suggested making special note of reactions that form carbon-carbon bonds. 
Another approach to reviewing reactions is to classify them by the types of products they give. For 
example. the reactions of Grignard reagents with aldehydes and ketones, as you've seen, give 
alcohols as products. The other reaction type you've studied in this chapter that can be used to 
prepare alcohols is the hydride reduction of aldehydes and ketones (Sec. 19.8). Both reactions are 
methods for alcohol synthesis of major importance. What's more, a great variety of other com- 
pounds can be prepared from alcohols. Thus. these methods are important for the preparation of 
other types of organic compounds as well. 

A complete list of alcohol syntheses, as well as the methods used to prepare every other major 
functional group. is found in Appendix V of the text on p. A-I0. The reactions listed are given in 
the order that they are presented in the text. How many of these can you name without looking at 
the list? What are the limitations of each? Do you understand the reasons for the limitations? 


19.4 Hemiacetal Protonation 


You may ask why, in Eq. 19.51b. text p. 980. the hemiacetal is protonated on the —OH oxygen 
rather than on the —OCH, oxygen. This is a reasonable question because ethers and alcohols have 
similar basicities. The answer is that protonation on the —OCH; oxygen does occur, as does loss 
of methanol from the resulting protonated species. However, these steps are mercly the reverse of 
hemiacetal formation and lead back to aldehyde or ketone and the starting alcohol. Under 
conditions of excess alcohol and removal of water. the equilibrium shifts to favor the alcohol. 

When writing mechanisms, we usually do not write out reasonable steps tha: аге not 
important in the formation of the product of interest. 


19.5 Mechanism of Carbinolamine Formation 


You are asked to write the mechanism for acid-catalyzed carbinolamine formation because it is 
another example of carbonyl addition. It is important to understand this reaction mechanistically 
because you'll see it repeatedly in organic chemistry and biochemistry. If you really want to make 
progress, take these suggestions seriously. 

Are you having trouble getting started? In any carbonyl addition, identify the nucleophile. 
The nucleophilic atom is the nitrogen of the amine. The nucleophile reacts at the carbonyl carbon 
because electrons can flow onto the electronegative oxygen. (See section 19.74 in the text.) 


R—C—R 


А HN —R 

— * 
HN —R (5619.1) 
Perhaps you added a proton to the carbonyl oxygen first, апа then let the amine react as a 
nucleophile. This is a reasonable step for a beginning student to take, because it follows the 
mechanism for acid-catalyzed hydration. 
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protonated carbonyl 


group 


H. + T 
Bu н—б: 
R—U-—R = 86-я 
.. НМ — К 

H.N—R Md 


(5619.2) 


Which is correct? For purposes of your understanding, either mechanism represents a reasonable 
first step. However. lets think about this issue in a little more detail. Remember that carbonyl 
oxygens are very weak bases and amine nitrogens are fairly strong bases—about like ammonia. If 
the acid is strong enough to provide a significant concentration of the protonated carbonyl 
compound, then surely under the same conditions the amine nitrogen would be completely 
protonated to an ammonium ion (see Eq. 19.61 on text p. 985) and would no longer be nuclco- 
philic. Hence. the first mechanism—a nucleophilic reaction of the neutral amine with the neutral 
carbonyl compound (Eq. SGI9.1)—is more likely to be correct. 

Once the reaction of the carbonyl compound with the amine has occurred, a proton is 
transferred. from H,O* to the carbonyl oxygen and from the nitrogen to Н.О. Use twa separate 
steps for these transfers. [t doesn't matter which you write first. Notice that the oxygen. because of 
its negative charge. is an alkoxide. which is a rather strong base, and is efficiently protonated by 
rather low concentrations of H4O*. 


R—C—R -——E. NR gna 


фк HAR (SG19.3) 
The final step is deprotonation of the nitrogen. Because the nitrogen of the carbinolamine is a 
base, this final step is an equilibrium. If the acid concentration is high enough, a significant 
amount of the protonated carbinolamine could be present. 


:0—H :0— 
Non = = 2 ак + H—OH, 
HN—R HN—R 
Ep : 
H :0H; 
_/ (SG19.4) 


Notice that when H4O* is the acid used in the mechanism. then its conjugate base H;O must be 
used as the base—4don't make the mistake of using a strong base like HO in this step. 

As illustrated here. the mechanism. including the proton-transfer steps, is written оле step at a 
time. Students are often tempted to try to show everything in one step. This is not correct because 
simultancous collisions of more than two molecules arc highly improbable. More important is that 
consolidating several steps into one can lead to confusion. Remember to write mechanisms оле 
step at a time. 

Also remember again that all mechanisms involve elementary steps that can only be Lewis 
acid-base associations, Lewis acid-base dissociations, or electron—pair displacements, of which 
Brønsted acid-base reactions are a special case. (See Sec. 3.4A of the text.) 
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LT 19.6 Dehydration of Carbinolamines 


You should also try to write the mechanism for dehydration of a carbinolamine in acid, using the 
dehydration of alcohols as your guide. (See Sec. 10.2 of the text.) When you do this, notice that 
the carbocation intermediate is resonance-stabilized. This is one reason why the dehydration is so 
rapid. 

Dehydration of carbinolamines, unlike dehydration of ordinary alcohols, can also occur in 
base. In this mechanism, an anion intermediate may be involved: 


Ts C 


«=> —QGQ-NR =~ C-—NR + ÖH 
| О IN DM / PN hi 
9н + HÖ: 


Notice that hydroxide ion, ОН, acts as a leaving group in the second step of the mechanism. 
Hydroxide cannot act as a leaving group in the dehydrations of ordinary alcohols because the 
carbon-oxygen bond is strong and because hydroxide ion is too basic. In this case. however. the 
formation of the strong C—N double bond (which is considerably stronger than а C=C double 
bond) provides an additional driving force for the reaction. In addition, the extra electron pair on 
the nitrogen anion is very basic (its conjugate-acid pK, is about 25) and thus provides a strong 
electronic "push" to expel the leaving group. 


19.7 Mechanism of the Wolff-Kishner Reaction 


The text indicates that the mechanism of the Wolff-Kishner reaction is a series of acid-base 
reactions. Here they are. Can you supply the curved-arrow notation? 


N—NH, ÖH N—NH N—R—H 30H 
R—C—R —*u fig аа =F 
hydrazone H— ÖH ) 
diazenc 
к=к H— ӧн H 
R—0—R н ӧн —» ВСА — R—6—R 70H 
ү н , 
a carbanion 
+ :№ М: 


Rescarch has suggested that the neutral diazene intermediate may not actually exist—the proton 
transfers that precede and follow it are concerted (occur together), possibly involving multiple 
solvent molecules. However. that's a detail. 

Notice that the last intermediate is a carbanion. Carbanions, with conjugatc-acid pK, values in 
the 55-60 range, are generally too unstable to exist. If this one does really exist, it is probably 
because a very stable molecule (dinitrogen) is produced along with it. That is, the stability of 
dinitrogen offsets the instability of the carbanion. 
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FURTHER EXPLORATIONS 


G5 19.1 ІА Absorptions of Cyclic Ketones 


The increase of the infrared carbonyl absorption frequency with decreasing ring size is a very 
useful trend that can һе used to diagnose the presence of small rings. The main reason for this 
trend is a coupling phenomenon. [n the presentation of IR spectroscopy in Chapter 12, IR 
absorption is treated as a phenomenon associated with isolated bonds. Even though this is a highly 
useful approximation, the effects of nearhy bonds in some cases cannot be ignored. and the 
carbonyl stretching frequencies of the cyclic ketones is one of those cases. 

Imagine two extreme situations. In the first, the carbonyl group forms an angle of 180^ with 
adjacent C—C bonds (as in ketene, H2C—2C——O). In such a situation. because the vibrations of 
bath bonds occur along the same line, expansion of the carbon-oxygen bond that occurs during а 
vibration also compresses the carbon-carbon bond: and compression of the carbon-oxygen bond 
also expands the carbon-carbon bond. The two stretching vibrations are coupled: 

expansion af C=O bond; 
compression of C=C bond _ 
he С 0 E _ HC C—O 


compression of C=O bond; 
expansion of C=C bond 


НС ———C-—0 


The additional energy required to cause both bonds to vibrate at the same time is reflected in a 
higher vibrational frequency for both bonds. 

Now consider a hypothetical situation in which the C=O bond is perpendicular to adjacent 
bonds. In such a situation. the C=O bond can stretch and compress without stretching the adja- 
cent C—C bond: 


(0) 


| С=О bond stretch | 
"t = Ai EIL————— но Se^ h 


(Remember that bending of the С—С bond requires much less energy than stretching.) At this 
angle. the stretching vibrations of the two bonds are completely uncoupled. Hence. it requires 
much less energy to stretch the C—O bond in this situation than when the two bonds are co-linear. 

An intermediate situation occurs at bond angles between 180° and 90°: the stretching 
vibrations are partially coupled. The more closely the C—C=O angle approaches 180°, the 
greater the coupling and the higher the vibration trequency. Notice that the bond angle in question 
is the one between the C—O bond and the ring C—C bond, not the internal angle within the ring. 
This angle varies from 120° in cyclohexanone to greater values for the ketones with smaller rings. 
As the data in Eq. 19.4 on text p. 954 of the text show, the carbonyl stretching frequencies 
increase toward smaller ring sizes. 

Another factor that contributes to carbonyl stretching frequencies is the relative strengths of 
the C=O bonds. The C=O bond іп ketene involves an sp-hybridized carbon atom, whereas the 
C=O bond in cyclohexanone involves ап sp^-hybridized carbon. The amount of s character in the 
C—2O о bond is therefore greater in ketene. and the amount of s character increases from 
cyclohexanone through the smaller rings. As with C—H bonds (Eq. 14.27, text p. 700), the 
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strengths of C=O bonds, and hence. their absorption frequencies, increase with increasing s 
character. 

The coupling effect discussed above is believed to dominate the trend toward higher 
frequencies, with the bond-strength effect making a secondary contribution. 

A similar trend can be seen with carbon-carbon double bond stretching frequencies: 


C Qum >= 


С=С stretching frequencies: 1650 стг! 1672 cm! 1781 cn! 


19.2 Use of Imines for Characterization of Aldehydes and Ketones 


As noted in the text, another use for imines, which was more important before the advent of 
spectroscopy than it is now, is in the characterization of aldehydes and ketones. When a new 
compound was synthesized, it was typically characterized by conversion into two or more 
crystalline compounds called derivatives. These derivatives served as the basis for subsequent 
identification of the new compound when it was isolated from another source or from a different 
reaction. It was important to prepare derivatives because they eliminated the ambiguity that could 
arise if two compounds have very similar melting points or boiling points. И is relatively 
improbable that two compounds with the same melting or boiling points will give two crystalline 
derivatives with the same melting points. 

Certain imines were frequently used as solid derivatives for characterization of aldehydes and 
ketones. These imines, and the amines from which they are derived, are listed in Table 19.3 on 
text p. 985. For example. the 2.4-DNP derivative of acetone is prepared by formation of an imine 
with 2.4-dintrophenylhydrazine: 


NO; 
NO; "en EX 
о А N—NH—4 y NO; 
А —‚ 
HC—C—CH, + HN— RH No, —  HWCc—C—CH + HO 
M M Ж (precipitates) 
2,4-dinitrophenylhydrazinc a 2,4-dinitrophenylhydrazone 
(2,4-DNP) (2.4-DNP derivative of acetone) 


To illustrate how such derivatives might have been used in structure verification, suppose that 
a chemist had isolated a liquid that could be either 6-methyl-2-cyclohexenone or 2-methyl-2- 
cyclohexenone. The boiling points of these compounds are too similar for an unambiguous 
identification. Yet ihe melting point of either a 2,4-DNP derivative or a semicarbazone (see Table 
19.3) would quickly establish which compound had been isolated. 


о о 
HC CH; 
boiling point 68—70 °С (16 mm) 65—70 °С (16 mm) 
semicarbazone, mp 177-178 °С 207-208 *C 
2,4-DNP derivative, тр 162-164 °C 207-208 *C 


Today. the identity of the compound could be readily established by modern spectroscopic 
techniques (explain how). But it is still important to be familiar with the imine derivatives in 
Table 19.3 because references to the use of such derivatives are commonplace in the older 
chemical literature. 
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Wit REACTION REVIEW 


1. CARBONYL-ADDITION REACTIONS 


A. HYDRATION OF ALDEHYDES AND KETCNES 
1. Aldehydes and ketones react reversibly with water: this reaction is called hydration. 


О P 
Б. + но Ман. _¢ 
n | 
OH 


a carbonyl hydrate 
Acid-catalyzed hydration of aldehydes and ketones is reminiscent of acid-catalyzed hydration of alkenes. 
although hydration of aldehydes and ketones is much faster. 
a. The first step is protonation of the carbonyl oxygen: the protonated carbonyl compound is a much 
stronger Lewis acid (electron acceptor) than an unprotonated carbonyl compound. 
b. The electron-deficient carbon reacts with Н.О, a nucleophile. 
c. Loss of a proton to the solvent (water) completes the reaction. 


m * 
:0: H—OH, :0H eM а 
| E PEL C —l—» di. PES E + HO 
e 7 АМ. — | 
nöd нб: HOH OH 


a carbonyl hydrate 
2. Hydration of aldehydes and ketones also occurs in neutral and basic solution. 


B. CYANOHYORIN FORMATION 


1. Hydrogen cyanide, HCN, reacts reversibly with aldehydes and ketones by a nucleophilic addition 
mechanism to give cyanohydrins. 
a. A cyanide ion, formed by ionization of the weak acid HCN, reacts with the carbonyl group at the 
carbonyl carbon: the carbonyl oxygen becomes negatively charged. 
b. The negatively charged oxygen is a relatively strong base, and is protonated by either water or HCN to 
complete the addition. 


_ | z | 
A $0—6— mn => NeC + HO—C—C=N 
C—H | | 


a cyanohydrin 
2. Cyanohydrin formation favors the cyanohydrin addition product in the case of aldehydes and methyl 
ketones, but not in the case of aryl ketones. 
3. Cyanohydrin formation is another method of forming carbon-carbon bonds. 


C. REDUCTION OF ALDEHYDES AND KETONES TO ALCOHOLS 
1. Aldehydes and ketones are reduced to alcohols with either lithium aluminum hydride (LiAIH,;) or sodium 
borohydride (NaBH,). which serve as sources of nucleophilic hydride ion (H: ). 
a. These reactions, which are not reversible, result in the net addition of the elements of Н» across the 
C—9 bond. 


b. Reduction of an aldehyde gives a primary alcohol. 
c. Reduction of a ketone gives a secondary alcohol. 
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H R 
\ тети | 
an aldehyde c=0 hydride reduction H—C—OH  aprimary alcohol 
/ 
R н 
R R 


\ СЕТ | 
a ketone c=0 hyenoereouetap a R—C—OH а secondary alcohol 
/ 


R н 
2. LiAIH, and NaBH, reductions are generally referred to as hydride reductions and аге examples of 
nucleophilic addition. 
3. The reaction of LiAIH, with aldchydcs and kctoncs involves the nucleophilic reaction of hydride (delivered 
from ~AlH,) on the carbonyl carbon; all four hydride equivalents of LiAIH, are active in this reaction. 
а. A lithium ion coordinated to the carbonyl oxygen acts as а Lewis-acid catalyst. 
b. Hydride reacts with the carbonyl carbon to give an alkoxide addition compound. 
c. The alkoxide salt is converted by protonation in a separate step into the alcohol product: the proton 
source is water (or an aqueous solution of a weak acid such as *NH, CI). 


"am ci dd RÀ 
Li” “AIH Н- АН; -AIH H30 
| ‘—> ye 0 Ее а о ur 
Pd SENS | | 
H 
d. LiAIH, reacts violently with water and therefore must be used in dry solvents such as anhydrous ether 


or THF. 
4. The reaction of NaBH, with aldehydes and ketones involves the nucleophilic reaction of hydride on the 
carbonyl carbon: all four hydride equivalents of NaBH , are active in this reaction. 
a. The sodium ion of NaBH, does not form as strong a bond to the carbonyl oxygen as the lithium ion. 
b. NaBH, reductions are carried out in protic solvents, such as alcohols; hydrogen bonding between the 
alcohol solvent and the carbonyl group serves as a weak acid catalysis that activates the carbonyl group. 
c. NaBH,reacts only slowly with alcohols. and it can be used in water if the solution is not acidic. 


+ ...Н--ОК 
0 OH 


p | - 
1— HBH, ——» —с—н + RO—BH; 
"do" 
M nat | Na 
5. LiAIH, is a much more reactive reagent than NaBH. 
а. A number of functional groups react with LiAIH ; but not NaBH,: 
i. alkyl halides 
ii. alkyl tosylates 
iii. esters 
iv. nitro groups 
b. The greater selectivity and safety of NaBH, make it the preferred reagent in many applications. 
6. Aldehydes and ketones can also be reduced to alcohols by catalytic hydrogenation. 
a. This reaction is analogous to the catalytic hydrogenation of an alkene. 
" он 
| N catal 
ysi 
——— 7 H,C— CH—CH(CH3), 
„Уч 3 3 
HyC CH(cH,, Реме 
b. It is usually possible to use catalytic hydrogenation for the selective reduction of an alkene double hond 
in the presence of a carbonyl group; palladium catalysts are particularly effective for this purpose. 


H 


Ph—CH=CH—CH=O ARI 


Ph—CH;—CH;—CH—0 
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D. REACTIONS OF ALDEHYDES AND KETONES WITH GRIGNARD REAGENTS 


1. The reaction of Grignard reagents with carbonyl groups is the most important application of Grignard 
reagents in organic chemistry; addition to aldehydes and ketones in an ether solvent, followed by 
protonolysis, gives alcohols. (See Appendix V. Section F, text page A-10. for a review of other syntheses 
of alcohols.) 


О d 
[| = H30* 2 = 
+ R—MgX — ——»- C— + Mg + X 
„ч. | 
an aldehyde R 
or ketone an alcohol 


2. The reaction of Grignard reagents with aldehydes and ketones is another example of carbonyl addition; the 
addition of Grignard reagents to aldehydes and ketones is not reversible. 

3, The net effect of the Grignard reaction, followed by protonolysis, is addition of R—H (R = an alkyl or aryl 
group) across the С=О double bond: this addition is not reversible. 
a. Primary alcohols are synthesized by the addition of Grignard reagents to formaldehyde. 


"m 
x 1) R-MgX on 
| Ц 2)H0 e | 
formaldehyde нг“ C. " ————- | H—C—R apnmary alcohol 
| 
H 
b. Secondary alcohols are synthesized by the addition of Grignard reagents to aldehydes other than 
formaldehyde. 
О 1) R-MgX T 
| 2) H,0* А 
ап aldehyde Н on & ———>»  H-—C-R a secondary alcohol 
| 
R 
c. Tertiary alcohols are synthesized by the addition of Grignard reagents to ketones. 
7 1) R-MgX OH 
2) H,0* 


| 
a ketone к m —— R—C—R’ atertiary alcohol 
| 
R 
4. The Grignard synthesis of a tertiary alcohol, or in some cases a secondary alcohol, can be extended to an 
alkene synthesis by dehydration of the alcohol with strong acid during the protonation step. 


о 1) CHMgl/Et;O CH; 
2) H,$0,H;0 
——————X 


5. The Grignard reaction is an excellent method of carbon-carbon bond formation. (See Appendix VI, text 
page A-13. for a review of other reactions used to form carbon-carbon bonds.) 
6. In the mechanism of the Grignard addition— 
a. the magnesium of the Grignard reagent, a Lewis acid, bonds to the carbonyl oxygen; this bonding 
makes the carbonyl carbon more electrophilic. 
b. the carbon group of the Grignard reagent reacts as a nucleophile at the carbonyl carbon to form a 
halomagnesium alkoxide. 
c. addition of dilute acid in a separate protonolysis step to the reaction mixture gives an alcohol. 


5 ô 
О О. МОХ O *MgX OH 
R-MgX l^ 4 | но“ m = 
Еа = - AS R тъ: cad ктагы "Ef + Mg + x 
R R 
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7. The reactions of organolithium and sodium acetylide reagents with aldehydes and ketones are 


fundamentally similar to the Grignard reaction. 


E. PREPARATION AND HYDROLYSIS OF ACETALS 


When an aldehyde or ketone reacts with a large excess of an alcohol in the presence of a trace of strong 
acid, an acetal is formed. 

a. An acetal is a di-ether in which both ether oxygens are bound to the same carbon. 

b. Acetals are ethers of hydrates or genr-diols, 


O yor ВО, „OR 
2R—OH + 4 == C + HO 
Ре м? 

an acetal 


Two equivalents of alcohol are consumed in the formation of acetals, but one equivalent of a 1,2- or 1,3- 
diol can react to form a cyclic acetal, in which the acetal group is part of a five- or six-membered ring. 
respectively. 


а= 7 


а cyclic acetal 
Acetal formation is reversible and involves an acid-catalyzed carbonyl addition followed by a substitution 
that occurs by an Sy! mechanism: 
a. The first step in the mechanism of acetal formation is acid-catalyzed addition of the alcohol to the 
carbonyl group to give a hemiacetal (a compound with an —OR and —OH group on the same carbon). 
b. The hemiaccetal is converted into an acetal by substitution of the —OH group by another —OR group. 


Р ROHM,0° © RO. „ЮН ROH/H4O* RO. AR 
ж ——чҥ= С == С 
AN addition P subsilubon ÆN 
a hemiacetal (5м! mechanism) an acetal 
The reaction is driven to the right by applying Le Chátelier's principle in one or both of the following 


Ways: 

a. use of excess alcohol as the solvent. 

b. removal of the water by-product. 

Acetals in the presence of acid and excess water are transformed rapidly back into the corresponding 
carbonyl compounds and alcohols. 


RO, AR но" О 
С z d + 2 R—OH 
ÁüSX „ч. 

an acetal 


a. This process is called acetal hydrolysis. 

b. By the principle of microscopic reversibility, the mechanism of acetal hydrolysis is the reverse of the 
mechanism of acetal formation. 

c. Acetal hydrolysis, like hemiacetal formation, is acid-catalyzed. 

The interconversion of hemiacetals and aldehydes is catalyzed not only by acids, but by bases as well; 

however, the interconversion of hemiacetals and acetals is catalyzed only by acids. For this reason. the 

hydrolysis of acetals is catalyzed only by acids; acetals are stable in basic and neutral solutions. 

Hemiacetals in most cases cannot be isolated because they react further to yield acetals or decompose to 

aldehydes or ketones plus water. 

a. Simple aldehydes form appreciable amounts of hemiacetals in alcohol solution, just as they form 
appreciable amounts of hydrates in water. 

b. Five- and six-membered cyclic hemiacetals form spontaneously from the corresponding hydroxy 
aldehydes, and most are stable, isolable compounds. 
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[e 
| OH 
es 

On, — Оо 
CH;— OH 


Il. OXIDATION OF ALDEHYDES AND KETONES 


A. OXIDATION OF ALDEHYDES 


1. Aldehydes can be oxidized to carboxylic acids. 


{ KMnO, -OH —— Hjo* A 
P x — À P5, ә Non 
an aldehyde a carboxylic acid 
О OH о 
| H,0, H0* l "us | 
^ = —ч+ —(— ee 
мы P | ^ “он 
OH 
an aldchyde an aldehyde hydrate a carboxylic acid 


2. Common oxidants, such as aqueous Cr( VI) reagents, nitric acid. or aqueous KMnO NaOH. can be used in 
the oxidation of aldehydes to carboxylic acids; these oxidizing agents are the same ones used for oxidizing 
alcohols. 

3. Some aldehyde oxidations begin as addition reactions. 

a. In the oxidation of aldehydes by Cr(VI) reagents, the hydrate, not the aldehyde, is actually the species 
oxidized. 
b. For this reason, some waler should be present in solution in order for aldehyde oxidations with Cr(VI) 
to occur at a reasonable rate. 
OH 
n H0, H,0* | 
C =_ R—C—OH 
R^ ^H 


О 
K;Cr;0; Н0* | 
i R^ OH 
ri 
4. In the laboratory, aldehydes can be conveniently oxidized to carboxylic acids with Ад(1) reagents. 
a. Aldehydes that contain double bonds or alcohol —OH groups (functional groups that react with other 
oxidizing reagents) are oxidized by Ag.O without oxidizing these other functional groups. 
b. If the silver ion is solubilized as its ammonia complex, *Ag(NH;)2, oxidation of the aldehyde is 
accompanied by the deposition of a metallic silver mirror on the walls of the reaction vessel. (This 
observation can be used as a convenient test for aldehydes, known as the Tollens test.) 


0 AgNO, | 
——— + Ад (mirror) 
R^ Мн "aet R o *NH, 


ammonium salt of 
a carboxylic acid 


5. Many aldehydes are oxidized by the oxygen in air upon standing for long periods of time; this process is 
another example of autoxidation. 


B. OxIDATION OF KETONES 


1. Ketones cannot be oxidized without breaking carbon-carbon bonds. 
2. Ketones are resistant to mild oxidation with Cr(VI) reagents. 
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IIl. REACTIONS OF ALDEHYDES AND KETONES WITH AMINES 


А. [MINE FORMATION WITH PRIMARY AMINES 


l. Imines are prepared by the reaction of aldehydes or ketones with primary amines. 
a. Formation of imines is reversible and generally takes place with acid or base catalysis, or with heat. 
R 
Н;О* or HOT N / 
С=0 + НМ -——— C=N_ + HO 


an imine 
b. [mine formation is typically driven to completion in one or both of the following ways: 
i. Precipitation of the imine. 
ii. Removal of water. 
2. Imine formation consists of a carbonyl-addition reaction followed by -elimination. 
a. The first step of the mechanism is a nucleophilic addition to the carbonyl group in which the 
nucleophile (an amine) reacts with an aldehyde or ketone to give an unstable addition compound called 
a carbinolamine. 
b. The carbinolamine undergoes acid-catalyzed dehydration to form an imine. 
c. Dehydration of the carbinolamine is typically the rate-limiting step of imine formation. 


addition \ „NHR dehydration К 
C—0 + HNR a= cl = C=N + НЊО 
OH 
a carbinolamine an imine 


3. Certain types of imine adducts sometimes find use as derivatives of aldehydes and ketones because they are 
in most cases solids with well-defined melting points. (See Table 19.3, text page 985, for the 
corresponding structures. and FE 19.2 in this manual.) 

а. Aldehydes or ketones + hydroxylamine + oximes. 

b. Aldehydes or ketones + hydrazine > hydrazones. 

c. Aldehydes or ketones + phenylhydrazine  phenylhydrazones. 

d. Aldehydes or ketones + 2.4-dinitrophenylhydrazine — 2,4-dinitrophenylhydrazones (2.4-DNP 
derivatives). 

e. Aldehydes or ketones + semicarbazide — semicarbazones. 


B. ENAMINE FORMATION WITH SECONDA3Y AMINES 


1. Formation of an enamine occurs when a secondary amine reacts with an aldehyde or ketone that has an a- 


hydrogen. 
я "end „7 
| an oa : | 
но 
p ue + | =_= Ax + њо 
ZX H | 
an aldehyde or ketone а secondary an enamine 
with an a-hydrogen amine 


a. Just as most aldehydes and ketones are more stable than their corresponding enols, most imines are 
more stable than their corresponding enamines. 

b. Because secondary amines cannot form imines, they form enamines instead. 

2. Like imine formation, enamine formation is reversible and must be driven to completion by the removal of 

one of the reaction products (usually water). 

a. The mechanism of enamine formation begins like the mechanism of imine formation. as a nucleophilic 
addition to give a carbinolamine intermediate. 

b. Dehydration of a carbinolamine involves proton loss from an adjacent carbon. 
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NR NR 
/ ? о b RE idus 
HOC, + НҢ erc He OW OH cL Lee = 
/ N addibon / dehydration 
/ \ / a / \ 
a carbinolamine an enamine 


Enamines. like imines, revert to the corresponding carbonyl compounds and amines in aqueous acid. 
H,0* - N 
N —- | 
H,0 H 


C. REACTIONS OF ALDEHYDES AND KETONES WITH TERTIARY AMINES 


l. 


Tertiary amines do not react with aldehydes and ketones to form stable derivatives. 


IV. CONVERSION OF KETONES AND ALDEHYDES INTO ALKANES AND ALKENES 


А. REDUCTION OF CARBONYL GROUPS TO METHYLENE GROUPS 


l. 
2. 


A carbonyl group of an aldehyde or ketone can be reduced completely to a methylene (—CH;—) group. 
One procedure for effecting this transformation involves heating the aldehyde or ketone with hydrazine 
(Н.М МН) and strong base. 


о 


H 
CH; p^ hie 2 CH; 
1 
HOCH,CH,OH TM р 

a. This reaction. called the Wolff-Kishner reduction, typically utilizes ethylene glycol or similar 

compounds as co-solvents. 
b. The high boiling points of these solvents allow the reaction mixtures to reach the high temperatures 

required for the reduction to take place at a reasonable rate. 
The Wolff-Kishner reduction is an extension of imine formation; an intermediate in the reduction is a 
hydrazone (an imine ot hydrazine). 
The Wolff-Kishner reduction takes place under strongly basic conditions. 


\ Мн, / | 
H H / “OH г H,0 
с=0 — s beh 00. ног 0. нн 
drazone / loss of \ protonation | 
formabon nitrogen 
a hydravone -N; 


The same overall transformation can Бе achieved under acidic conditions by a reaction called the 
Clemmensen reduction, which involves reduction of an aldehyde or ketone with zinc amalgam (a solution 
of zinc metal in mercury) in the presence of НСІ. 


ZH 
I — A  Ph—CH;—CH 
HCVUH;O 

Ph~ CH; heal 
The Wolff-Kishner and Clemmensen reactions are particularly useful for the introduction of alkyl 
substituents into benzene rings by the following sequence: 
a. Friedel-Crafts acylation to give an aryl ketone. 
b. Wolff-Kishner or Clemmensen reduction to yield the corresponding alkyl group. 


ПАС 


О-О 010 3- OC 
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B. ТНЕМИТТС ALKENE SYNTHESIS 


Another addition-elimination reaction, called the Wittig reaction, is an important method for preparing 
alkenes from aldehydes and ketones. 


tf / Y * 
um + 0=0 ——~ PhP=0 + C=C 


\ f 


a Wittig reagent ап aldehyde triphenylphosphine ап alkene 
or ketone oxide 

The nucleophile in the Wittig reaction is a type of ylid. 

a. An ylid is any compound with opposite charges on adjacent covalently bound atoms, each of which has 
an electronic octet. 

b. Because phosphorus can accommodate more than eight valence electrons, a phosphorus ylid has an 
uncharged resonance structure. 

c. Although the structures of phosphorus ylids are sometimes written with phosphorus-carbon double 
bonds. the charged structures. in which each atom has an octet of electrons, are very important 
contributors. 


* m 
PhyP— CH; <-> PhjiP— CH; 


an ylid 

Preparation of phosphorus ylids: 

а. An alkyl halide reacts with triphenylphosphine (Ph;P) in an $2 reaction to give a phosphonium salt. 
(Because the alkylation of triphenylphosphine is a typical Sy2 reaction. it is limited for the most part to 
methyl and primary alkyl halides.) 

b. The phosphonium salt is converted into its conjugate base, the ylid, by reaction with a strong base such 
as an VN reagent (commonly n-butyllithium, or n-BuLi, as in the example below). 


RAN f^ -  nBuLi 


Ph; É + CH—l —* PhP — cH; | — PhP — ČH, + ШГ + butane 
The mechanism of the Wittig reaction: 
a. A nucleophile (the anionic carbon of the ylid) reacts with the carbonyl carbon. 
1. The anionic oxygen in the resulting species reacts with phosphorous to form an oxaphosphctane 
intermediate. 
и. An oxaphosphetane is a saturated four-membered ring containing both oxygen and phosphorus as 
ring atoms. 
b. Under the usual reaction conditions, the oxaphosphetane spontaneously decomposes to the alkene and 
the by-product triphenylphosphine oxide. 


е PPh, ИР» 
br ы © K MES 
———— — —— o» + | 
cycloaddition elimination PPh; 
triphenyl- 
an oxaphosphetane phosphine oxide 


The Wittig reaction is especially important because it gives alkenes in which the position of the alkene 

double bond is unambiguous. 

a. The reaction is thus completely regioselective. 

b. The reaction can be used for the preparation of alkenes that would be difficult to prepare by other 
reactions. 

To plan the synthesis of an alkene by the Wittig reaction, consider the origin of each part of the product, 

and then reason deductively. 

a. Опс carbon of the alkene double bond originates from the alkyl halide used to prepare the ylid: the 
other is the carbonyl carbon of the aldehyde or ketone. 

b. In principle, two Wittig syntheses are possible for any given alkene. 
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c. Most Wittig syntheses are planned so that the most reactive alkyl halide (a methyl or primary alkyl 
halide) can be used as one of the starting materials. [See (3a) above.] 


Pai 
[>—cH,—cH=0 + Br—cH 
CH; e CH; 
Dcr- ci c а secondary alkyl halide 
\ 
CH; 
v» CH 
/ 
> CH,—CH,—Br + [o e — better synthesis 
CH, 


a primary alkyl halide 
d. The Wittig reaction in many cases gives mixtures of E and Z isomers. although certain modifications of 
the Wittig reaction that avoid this problem have been developed. 
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К SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


19.1 (а) (b) (c) (d) 
1 & oT О 
(CH3);CHCH =O CCH;CH;CH;CH; l м Д 
CY CH, _ CICH;CH;CH;CH 

(e) (f) (g) (h) 
о 0 о о 0 
l | | log 

| 
OH OH 


19.2 (а) 2-ргорапопе 
(b) _ 2,4-dimethyl-3-pentanone 
о 


| 
(CH, CHCCH(CH;); 


2.4-dimethyl-3-pentanone 
(diisopropyl ketone) 
(c) — 3-allyl-2.4-pentanedione 
(d) — (£)-3-ethoxy-2-propenal 
(e)  3-methylcyclobutanecarbildehyde 
(f) — 4.4-dimethyl-2.5-cyclohexadienone 


19.3 (а) Тһе aldehyde has a somewhat higher carbonyl stretching frequency. and has a C—H stretching 
absorption near 2700 cm’! that is not present in the IR spectrum of the ketone. 


Өх. CH,CH;CH;CH;CH;CH — O 


hexanal 
cyclohexanone 


tb) — 2-Cyclohexenone has a lower carbonyl stretching frequency because its two double bonds are 


conjugated. 
2. CH 


1-cvclohexenone 3-cyclohexenone 
has conjugated double bonds 


(c) — 3-Buten-2-ol has both O—H and С=С stretching absorptions and 2-butanone does not; 2-butanone has а 
carbonyl stretching absorption, and 3-buten-2-0l does not. 
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à i 
| 
CH4CHCH — CH; CH4CCH;CH; 


3-buten-2-ol 2-butanone 


(a)  ThelR specirum suggests an aldehyde (carbonyl stretch at 1720 ст”! and aldehyde C—H stretch at 
2710 cm |. and the low-field absorption at 89.65 confirms the presence of the aldehyde hydrogen. The 
six-proton doublet at 6 1.2 and the septet at 6 2.4 indicate an isopropyl group (CH;),CH—. Because the 
aldehyde carbon is the only remaining carbon, the structure is completely determined: 


| 
(СНз) СН — CH 
isobuty raldehyde 
(2-methylprapanal) 


The CH of the isopropyl group and the aldehyde hydrogen split each other slightly. 
(b) The compound is 2-butanone: 


1 
CH;CCH,CH; 
2-butanone 


(c) Тһе high frequency of the carbonyl absorption suggests a strained ring. (See Eq. 19.4. text p. 954.) In 
fact. cyclobutanone matches the IR stretching frequency perfectly and the NMR fits as well: 


8 3.09 (triplet) 


| molecular mass = 70.1 
6 2.01 (quintuplet) V 


6 3.09 (triplet) 


cvclobutanone 
(d) Тһе molecular formula indicates an unsaturation number of 5. The IR spectrum suggests a conjugated 
carbonyl group and an aromatic ring, and these two features fully account for the unsaturation. The 
NMR indicates the following partial structures: 


ў 
| 
- 2- CH3CH;— O — „а CCH, 
and these define the structure as 
| 
omeno )- to 


p-cthoxyacctophenone 
The low intensities of the carbonyl carbon absorption at 6 212.6 and the a-carbon absorption at 6 44.2 show that 


these two carbons have no attached hydrogens: therefore this compound must have the following partial 
structure: 
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Because all six carbons and their connectivities are accounted for, the only possible choice is to add the 
appropriate number of hydrogens. The compound is 3,3-dimethyl-2-butanone: 


oe 

| 

HyC— C= C—CH; 
| 
CH, 


3,3-dimcthyl-2-butanone 


19.6 The structure and carbon NMR assignments of 2-ethylbutanal are shown below. The two methyl groups are 
chemically equivalent, and the two methylene groups are chemically equivalent; all carbons with different 
carbon NMR chemical shifts arc chemically noncquivalent. 


621.7 


CH,CH, 
| 82047 
виз {5552 €H—CH—O 
CH3CH; 
621.7 


2-ethvIbutanal 


19.7 (a) Тһе double bonds in 2-cyclohexenone are conjugated, but the double bonds in 3-cyclohexenone are not. 
Consequently, 2-cyclohexenone has the UV spectrum with the greater А.х. 


Ta e 


2-«vcluhesenune 3-cvclohexenone 
(conjugated; has UV spectrum 
with the greater Ay.) 


(b) Тһе first compound has more conjugated double bonds and therefore will have the UV spectrum with the 
greater Ам, and larger extinction coefficient e. 

(c) In 1-phenyl-2-propanone, the aromatic ring is not conjugated with the carbonyl group; in p-methylaceto- 
phenone the aromatic ring and the carbonyl group are conjugated. Because of its additional conjugation, 
p-methylacetophenone has the UV spectrum with the greater A,,,, and larger extinction coefficient e. 


=| | 
C 2 edem Hoban 


1-pheny]-2-propanone p-methvlacetophenone 
(has the UV spectrum with 
the greater e and Алу) 


19.8 Addition of NaOH brings about the ionization of the phenolic —OH group of p-hydroxyacetophenone. 
Because the electron pair associated with the anion can be delocalized into the ring and into the carbonyl group, 
this conjugated species has a unique UV spectrum that is different from that of the un-ionized compound. 
Because p-methoxyacetophenone does not ionize in NaOH solution, its UV spectrum is not affected by addition 
of base. 
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:0: :0: Ter 
ч | TE a [> " ) 
HO C—CH; ——» | :0 ССН <=> 0 — CH; 
p-hydroxyacetophenone electrons associated with negative charge are delocalized: 


electron delocalization is reflected in the UV spectrum as a greater À max- 


£0: 
CH;O —CH; 


p-methoxvacetophenone 
cannot ionize; 
base has no effect on the UV spectrum 


19.9 Compound A. vanillin. should have a 7r — л? absorption at a greater A,,,, when dissolved in NaOH solution 
because the resulting phenolate can delocalize into the carboxaldehyde group: the resulting phenolate from 
compound В. isovanillin, on the other hand, can only delocalize in the aromatic ring. 


CHO сно сно 


но сн=о => Sad 4—- i сн: 


19.10 (a) ln both ketones, inductive cleavage of the molecular ion to give an acyl radical and a carbocation 
accounts for the m/z = 57 peak: 


А б :0: 
CH;C—CH2CH2CH2CH; т Сн;С + *CHjCH;CH;CHs 


molecular ion of 2-hexanone butyl cation 
(m/z = 57) 
+ 
:0: Her 


I l|. 
CHC—C(CH) | — CHC + *С(СНу; 


molecular ion of tert-butyl cation 
3,3-dimethyl-2-butanone (m/z = 57) 


Because the carbocation formed from 3,3-dimethyl-2-butanone is more stable (why), more of this 
fragmentation mode is observed for 3,3-dimethyl-2-butanone; that is, the m/z — 57 peak is more 
abundant. 

(b) lts even mass suggests that the m/z = 58 fragment is an odd-electron ion. Such an ion can be readily 
produced Бу a McLafferty rearrangement from the molecular ion of 2-hexanone, but not from the 
molecular ion of 3.3-dimethyl-2-butanone: 


Í 


H 
Q3 Cyn :0< 


| в к 
CHC Сун = CH Сн, + H;C=CHCH; 
2 


(m/z = 58) 
molecular ion of 2-hexanone 


19.11 The mass spectrum of 2-heptanone should have major peaks at m/z = 43 (from о-сІеауаре), 71 (from inductive 
cleavage), and 58 (from McLafferty rearrangement). The mass spectrum of 3-heptanone should have a major 
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peak resulting from both inductive cleavage and a-cleavage at m/z = 57 and a major peak resulting from 
McLafferty rearrangement at m/z = 72. Notice that the position of the even-mass, odd-clectron ion is a major 
distinguishing feature. We leave it to you to draw out these fragmentations. 


43 | 71 52157 
| í | 
H,C — C H CH;CH;CH;CH;CH; CH3CH;— C-ECH,CH,CH,CH, 
2-heptanone 3-heptanone 
McLafferty rearrangement at m/z = 58 Mcl afferty rearrangement at m/z = 72 


19.12. (a) The solvolysis mechanism of (chloromethoxy )methane in ethanol: 


- HO— CH,CH 
IÇI: UM CO ee 


CHÜ— CH,— C: | ——» | CHÓ —CH; =— СНО — СН, 
(chloramethoxy)methane ele 


HÖ— CH 


+ 
CH:0 29 гт s : CHiQ "X CH;— QCH;CH; F HÔ —CH;CH4 
Hw 


(b)  (Chloromethoxy)methane undergoes тоге rapid solvolysis than 1-chlorobutane because the carbocation 
intermediate is resonance-stabilized [as shown in the mechanism of part (a)] and is therefore more stable 
relative to starting material than the ordinary primary carbocation intermediate derived from 1- 
chlorobutane. (In fact. I-chlorobutane probably solvolyzes by an S42 mechanism: the Sy] reaction 
would no doubt be even slower than the reaction indicated in the problem.) 


19.13 The products follow from a consideration of the mechanism in Study Problem 19.2 on text p. 961. The first 
steps of this mechanism consist of protonation of an —OH group and loss of water to form a carbocation 
intermediate. 


(a) When the two —OH groups are chemically nonequivalent, the —OH group lost is the one that gives the 
more stable carbocation intermediate—in this case, the tertiary —OH. 


OH H 


| -н angement 
nc tcron Poem o ct cH on ee 
| | 


CH; CH; CH; 


(b) Тһе reaction is exactly like the one shown in Study Problem 19.2 on text p. 961 with phenyl instead of 
methyl substituents. The product is the following Кеопс: 


] 
| 
РАС — C—Ph 


(c)  Inthis case, rearrangement involves a ring expansion. If reasoning through this type of rearrangement 
gives you difficulty, be sure to consult Further Exploration 4.4 (p. 78 of this manual) for assistance. The 
product is the following ketone: 


о 
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Protonated p-methoxybenzaldehyde is essentially a benzylic carbocation; as you learned in Chapter 17, 
benzylic carbocations are stabilized by substituents that can donate electrons by resonance, and this 
cation is no exception: the resonance effect of the p-methoxy group stabilizes the cationic conjugate acid: 


* 
* 


conjugate acid of p-methoxybenzaldehyde 


Stabilization of the conjugate acid of any compound increases the compound's basicity. The p-nitro 
group destabilizes the corresponding cation that results from protonation of p-nitrobenzaldehyde. (See 
the solution to Problem 17.29 on pp. 529-530 of this manual. for a very similar case.) Destabilization of 
the conjugate acid of a compound decreases the compound's basicity. 


The conjugate acid of 3-buten-2-one has more important resonance structures than the conjugate acid of 


2-butanone and is therefore more stable relative to unprotonated ketone than the conjugate acid of 2- 
butanonc. Greater stability of the conjugate acid means that the ketone is more basic. 


:0H :ÓH :ÓH 
H,C—=CH—C—CH, +—» HC CH C— CH, 4— НС СНС СНз 


conjugate acid of 3-buten-2-onc 


The mechanism of the hydroxide-catalyzed hydration of acetaldehyde: 


:0: Qu :OH 
ČI А | АТ { 3 
CHCH === снн = снин + ÖH 
— 9H :OH :ОН 


The curved-arrow mechanism for the decomposition of acetone cyanohydrin in aqueous hydroxide: 


ÖH = : 
ШЕР? | | 

H,C — C — CH; 2C HC—C—CH, == H,C—C—CH, + “C=N: 
| E 1 
С = № Сом acetone 


accione cyanohydrin 


The ketone-cyanohydrin equilibrium favors the ketone at high pH because hydroxide ion is a much 
stronger base than cyanide ion. (The pK, of water is 15.7; the pK, of hydrogen cyanide is 9.40; see Table 
3.1, text p. 102.) The weaker base is the better leaving group. 


The acid-catalyzed addition of methanol involves mechanistic steps like those involved in acid-catalyzed 


hydration (Eqs. 19.20a-b on text pp. 966). The carbonyl group is protonated. and methanol reacts as а 
nucleophile at the carbonyl carbon. 
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19.17 


19.18 
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is % А : 
ii "NES ex" :OH бн 
PhCH Н m— PhCH 9 а z> m mE PH + HOCH, 
VU н th HOCH, | | 


e ү» 2 :0CH; н 


"ТЭУ Remember that we typically invoke as a base the conjugate base of whatever acid is involved 

3 in the mechanism. Thus, if НО? is involved in a mechanism. its conjugate base (Н.О) acts 
as the base. We would not invoke both H,O” and “OH in the same mechanism because a 
strong acid and a strong basc cannot cocxist in solution in significant concentrations. 


“ 


(b) The methoxide-catal yzed addition of methanol to benzaldehyde is very similar to the hydroxide- 
catalyzed hydration mechanism (Problem 19.152): 


29 :0: = A, :ÖH 


КЕ! | H-—OCH,_ | “= 
EE = PhCH aE рн + :OCH; 
| | 
:0CH, :QCH; 


The data in Table 19.2, text p. 967, of the text show that hydration of benzaldehyde is less than 0.01 times as 
favorable as hydration of an unconjugated aliphatic aldehyde such as acetaldehyde. The assumption that the 
same principles apply to cyanohydrin formation leads to the prediction that propanal should have the greater 
proportion of cyanohydrin at equilibrium. The structure of this cyanohydrin is as follows: 


OH 


| 
CH3CH;CH cvanohydrin derivative of propanal 


| 
C —N 


We use the same principles to predict reactivity that we use to predict relative equilibrium constants. The more 
prone a carbonyl compound is to form an addition product, the more reactive it is. 


(a) Тһе second compound, bromoacetone, is more reactive because the electronegative atom is closer to the 
carbonyl group. 

(b) Тһе first compound, 2,3-butanedione, is more reactive, because the partial positive charge on one 
carbonyl destabilizes the molecule by its repulsive interaction with the partial positive charge on the 
other. (See Problem 19.43, text p. 997, for a similar situation.) 

(c) Тһе first compound. p-nitrobenzaldehyde. is more reactive. because the p-nitro group raises the energy of 
the molecule by an unfavorable interaction of the positive charge on the nitrogen with the positive charge 
on the carbonyl carbon. In contrast, the p-methoxy group in the second compound, p-methoxybenz- 
aldehyde, stabilizes the molecule by a resonance interaction with the positive charge on the carbonyl 
carbon. 


/ we * — 
CH0— \ 4 / Bp hy я>» on) oH я>» co Yb 


some resonance structures of p-methoxybenzaldehyde 


(d) Тһе second compound, cyclopropanone. is more reactive for the following reason. A carbonyl 
compound is most stable when the bond angles at the carbonyl group can be close to 120°; however, in 
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cyclopropanone they are constrained by the three-membered ring to be 60°. As a result, there is 
considerable strain in the carbonyl form. 1n the hydrate, the preferred bond angle is approximately 
tetrahedral (109.5°). Because this angle is closer to the 60° bond angle enforced by the ring than the 
bond angle in cyclopropanone is, there is less strain in the hydrate than there is in cyclopropanone. 
Hence, formation of the hydrate relieves some of the strain in cyclopropanone. [n other words, the 
ketone is destabilized relative to the hydrate by strain; there is a driving force to form the hydrate. 
Because there is little or no strain in cyclopentanone, such effects do not come into play. 


19.19 (a) (b) (c) 


о 
O =0 | 
CH,CCH;CH; 


c€vclopentanecarbaldehyde 2-butanone о 


OH 


An extra equivalent of LiA]H, would have to be used with the compound in (c), because the hydride 
would react vigorously with the tertiary alcohol to form the conjugate-base alkoxide. The tertiary 
alcohol would be re-formed when a weak acid is added to the reaction mixture. NaBH, оп the other 
hand. would reduce the compound shown in (c) without this extra complication. 


19.20 The tertiary alcohol C could not be synthesized by a hydride reduction, because only primary and secondary 
alcohols can bc prepared by this method. 


19.21 (a) The zinc ion acts as a Lewis acid catalyst by bonding to the carbonyl oxygen. making the carbonyl 
carbon more electrophilic. as shown in the answer to 19.21(b). The role of the zinc ion is analogous to 
the role of the lithium ion in reductions with lithium aluminum hydride (see Eq. 19.282). 


(b) 


zinc ion activates 
carbonyl group 


.zm* 2п2* 

I> А 

НС ^H = њон 
E н о 

н | 

R R 


19.22 All three compounds below will react with hydrogen and a catalyst to give the product shown in the problem. 
Recall from section 7.8E that catalytic hydrogenation is a syn addition. This fact is important when considering 
how the third compound in this group reacts. 


peo 


The following two compounds may appear to work, however each would produce a mixture of the desired 
product and a stereoisomer. 
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ср» Cm 
H H 
See if you can determine why it is that both stercoisomers below form when either of the two starting materials 
above are subjected to catalytic hydrogenation. 


H 
i 
H H 


19.23 In each case, ethyl bromide, CH;CH3Br, reacts with Mg to give ethylmagnesium bromide, CH;CH>MgBr, 
which is then allowed to react as shown below. 


(a) 
1) CH,CH,MgBr OH 
i, ES MO | 
Ph ——— — ——e-  PhCHCH;CH; 
benzaldehyde 1-phenvl-1-propanol 
(b) 
О 1) CH;CH;MgBr OH 


| + | 
CH;CH,CCH, —2-#® CH;CH,CCH; 


2-butanone H,CH, 


3-methvl-3-nentanol 
(c) 
1) CHyCHsMgBr 
2 њо" 
LN — ——ÀHe CHiCHSCH3CH30H 


ethylene oxide 1-butanol 
(oxirane) 


Don't forget what you've already learned about the reactions of Grignard reagents; sec Sec. 
11.15C of the text. 
(d) 
1) CH.CH;MoBr 
HC—0 29 — X снсн,сн,он E сн,сн,сн=о 


formaldehyde 1-propanol propanal 


(e) 


2)H:O0* H:0*. -Н-О 


ji 1) CH3CH-MgBr OH 
| 
P—C—Ph —— — ———» Ph CHCH; — — — —*9- Ph —€ —€CHCH; 


benzophenone Ph Ph 


1,1-diphenyl-1-propanol (1-phenyl-1-propenyl) benzene 
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ш CH,CH»MgB 
1) 1 »MgBr 
л rim OH 
N 2 H40* . 
7-9 — ÓáÁ——— н j 
SS c ë CH;CH, 
cyclopentanone 


1-ethyl-1-cyclopentanol 


Any of the three alkyl groups bound to the a -carbon of the alcohol can in principle originate from the Grignard 
reagent. 


Synthesis #1: б "— 
sen HO CH 
MEL ROLY 
3-һехапопе 3-methylI-3-hexanol 
Synthesis #2: 
ME на ды, 
A, e AX 
2-hutanone J-methvl-J-hexanol 
Synthesis #3: 
EE C nm HO, CH 
AA Oe OR аре 
2-pentanone 3-methyI-3-hexanol 


In synthesis #1. the Grignard reagent is prepared by the reaction of СН; (methyl iodide) and Mg in dry ether: in 
synthesis #2, the Grignard reagent is prepared from the similar reaction of CH ,CHsCH.—Hr (propy! bromide) 
and Ме; and in synthesis #3, the Grignard reagent is prepared from ethyl bromide. Generally, it doesn't matter 
whether you chose alkyl chlorides, bromides, or iodides from which to synthesize Grignard reagents. 


(a) 
-N OCH,CH, 
М OGHICH, 


cvclopentanone diethy! acetal 
(1,1-diethoxycyclopentane) 


Note that acetals are named as ethers in the IUPAC system. In the acetals derived from ketones 
=> in the common system were once called &erals. Thus, in older common nomenclature, the 
compound in the solution to part (a) would have been called cyclopentanone diethyl ketal. 


(b) 
OCH(CH 4)» 
CH;CH;CH:CH 
ОСНІСН > 
butyraldehyde diisopropyl acetal 


(1,1-diisopropoxybutane) 


In each case. a diol reacts with an aldehyde or ketone. 
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(a) 
о 
a 
| 
н : acid E 0 

EP. 

(b) 
HO о 
"mU d = “^ч. 


\ E - w^ 4 H,O 
м 


(а) The formula indicates addition of two carbon atoms and it indicates one degree of unsaturation. Ifa 
diethyl acetal were formed and the ring were opened. the formula of the product would he СН, Оз. The 
one degree of unsaturation suggests that the ring is intact. The product is a mixed acetal: 


C3H50 H 
о 
„^^ 
(b) When five- and six-membered rings сап be formed. diols generally react with aldehydes and ketones to 
give cyclic acetals, and this case is no exception: 
МР N „єн, 
^ A, Z^ Sen, 


We protect the ketone as an acetal. and then prepare the Grignard reagent. which is allowed to react with 
acetaldehyde. The protonolysis step produces the alcohol and removes the acetal protecting group. (In the 
following synthesis. any common alcohol or ethylene glycol can be used instead of methanol.) 


OCH; 


о 
| i | 
ЕТ СНуОН (solvent), acid |. Ten Mg, cther 


p-bromoacetophenone 


OCH, 1) CH;CH—O OH 


о 
РӮ - 2) H40* cna | m PCC. 
g жу ————— CH PR 
| \ х 3 


OCH4 
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Note that this compound could not be made by a Friedel-Crafts acylation of acetophenone. 
=> (Why?) The reaction sequence shown has mancuvered two meta-directing groups into a para 
relationship! 


19.29 (a) (b) 
N^ CH4CH3CH3CH3CHCH —NCH3CH3 


pu la; 


19.30 First. the carbinolamine intermediate is formed. This intermediate then undergoes base-catalyzed dehydration 
lu give the oxime. 


н“ “OAc 
16 OH NH—0H  . 
OG ee Ott o OR — 
WM AAG T m OH 
cyclohexanone carhinolaminc 
Intermediate 
а oce / 
Ogir or OF] = Ол + 
9 
"RES. oxime 


Мос that it is cquaily appropriate to write the loss of water and formation of the carbon- 
nitrogen double bond as one step, thus avoiding the necessity of drawing resonance structures: 


H^ OAc 
NH—OH >» +> 
e GR NU + HOAc + H,0 
OH OH 


cyclohexanone oxime 


19.31  Imine hydrolysis is the reverse of imine formation. Therefore. retrace the steps of imine formation as illustrated 
in the solution to Problem 19.30, starting with the imine and working backwards to the aldehyde and the amine. 


| v 


б 
en on н | 
PhCH—NC,H, a >  PhCH—NCSH. a 9 PhCH Сн, a 
| NJ e Ton 
t OH; 
Ыз ms :ОН› 
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H 


| 
=» PhCH -NCH 


> | 
:0: H 


+ H,0* 


= 


PhCH + H;NCH. 
:0: 


Any compound with a carbonyl group on any of the prospective alkyl carbons could in principle serve as a 


starting material. (The answer is restricted to compounds containing only one carbonyl group.) 


m 


p-methylisobutyrophenone 


CHAPTER 19 - THE CHEMISTRY OF ALDEHYDES AND KETONES 
| ( 
PhCH МСН ^, — Z9 PhCH "мсн, x 
{ОН | >н LL о: Н 
Y Нє :0H; 
19.32 
0—C H 
V 
+ 
i CH М N “н 
mre o- H 
б” le. 
М Сн; 
H 
19.33 (а) (b) 
p ow 
ыг Ph, P 
| Pec 
H,C—C—CH) H МСН)» 
19.34 
4-isobutylbenzaldehyde 
19.35 


2-methyl-3-(4- methylphenyl)propanal 


Alkylate the phenol. carry out a Friedel-Crafts acylation, and then apply the Wolff-Kishner reaction. 


Alkylation of the phenol should precede the Friedel-Crafts reaction because of the sluggish reactivity of 
phenols in the Friedel-Crafts acylation reaction; see text Sec. 18.9 in the text. Note that Friedel-Crafts 
alkylation of the ring with CICH;CH,CH; would give some rearrangement product in addition to the desired 


product: see Eq. 19.74a on text p. 990. 
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Hy OCH; O 


1) NaOH D CIÉCHSCH;, АС kenen Мнн, 
2) (CHy)9SO4 2) H,0* adis мея 
y D > 
—M— y 
H3 H3 
hydroquinone H3 
CH3CH35CH; 
н; 
1,4-dimethoxy-2-propylbenzene 
19.36 (а) (b) 
НС CH, 
^ / 
F m! | 
uic т \ 2-0 708 
2-methyl-2-butene styrene 


19.37 (a) Either "half" of the alkene can in principle be derived from an aldehyde. 


The first synthesis: 


PhP + - CH4CH5CH5CH3Li 
CH; 3Br ——» CH; H35PPh4 Br -————————»- 


p-methoxybenzyl bromide 


Qe 
‚а + benzaldehyde 
CH; H—PPh; —— —————— —» СН:О H —CH 
+ CH;CH;CH;CH, p-methoxystilbene 


The second synthesis: 


PhP t _ CH4CH5CH5CH3Li 
HBr ——» H»PPh3 Br ————————» 


benzyl bromide 
CH40 


e» " quM e 
Н —PPh; - 


+ CHj,CH;CH;CH; p-methoxystilbene 
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(b) 
a 
O—CCH;CH; н; 
М CHCH CH-CHoLi > + 2-butanone 7 
Chet РРА 7 а 4 4^ Н.С —PPh, » е. ыш 
methyl iodide + CH,CH,CH>CH, 2-methyl-1-butene 
(c) 
» PhP + _ CH4CH5CH35CHs5L i 
CH;CH3Br —J»- CH4CH3PPh, Вг ———— ———— —» 
bromoethane 


-O 
m * cyclobutanone 
H3C —CH РР ——————— ——3- CHa4CH 


+ CH4CH3CH5CH 
сый ethylidenecyclobutane 


The starting material has five degrees of unsaturation, four of which are accounted for by a benzene ring. 
Consequently, the compound must be both an aldehyde and an alcohol: 


— © 
"ИР S n 4-(hydroxymethyl)benzaldehvde 


Silver(I) oxide oxidizes the aldehyde selectively to the following carboxylic acid: 


о 
у П 


ENS aces 


4-hydroxy-1-cyclopentenecarboxylic acid 


Solutions to Additional Problems 


Only organic products are shown in the answers below. 


(a) _ Acetone is protonated on oxygen to give the conjugate acid shown below, but unless the acid is very 
strong, this reaction does not occur to a great extent. 


*OH 
H,C—C—CH, 
(b) (c) (d) (e) (f) (g) 
en No reaction OH gem Ж 
CH,CHCH, варень сиуссн, * Тиш. 
CEN OCH4 CH, — CH; CH,CCH, 
(h) (i) 0) (К) (D (m) 
qu о H.C OH (CH45C —CH, CH4CH3CH; 
CH;CCH, CH3CCH3 C—CH, CH;CHCH; + PhP —O 
CH 3 HIC 
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19.41 Only organic praducts are shown. 


(a) (b) (c) (d) 
OH OH о о 
| 
CH4CH;CH;CHPh CH4CH;CH;CH; CH,CH»CH,C —OH CH,CH3CH,C —OH 
(e) (t) (g) (h) 
NOH О CHiCH2CH32CH; CH4CH;CH;CH = CHCH, 
CHCH CHCH CHCHCH,C —OH са mins 


19.42 (а)  Thisisa simple addition reaction in which the sulfur of the bisulfite ion reacts as a nucleophile at the 
carbonyl carbon of the the aldehyde. In the last step of the mechanism, the initially formed addition 
product А ionizes because it is a fairly strong acid. 


A: :6:—. (Y- H :ÖH 
» poe m > Re 2 
RCH = RCH Z— — * RCH /\ T RCH + H—S0; 
N :50,0H Зорон 5030 —H «7:504 50,0: 
А 


(b) _ Acid. that is, Н.О“, destroys sodium bisulfite by reacting with it and converting it into SO), a gas, and 
H;O. Destruction of bisulfite in this manner eliminates a reactant in the equilibria shown above and pulls 
the reaction to the left. that is, toward free aldehyde. Hydroxide топ reacts with bisulfite and converts it 
into sulfite ion. (OSO,)? ; because bisulfite is removed as a reactant by this process as well, the 
equilibrium is also pulled to the lef. 


In the mechanisms presented thus far in this Study Guide and for the most part in the text, 
unshared electron pairs have been drawn in explicitly. Omitting these electron pairs can save 
some time and can climinate a great deal of tedium in writing mechanisms, most chemists do not 
draw electron pairs explicitly. This shorteut is useful only if you realize that the unshared 
electron pairs which arc not shown are understood to be present. In many of the mechanisms 
shown subsequently. electron pairs are omitted in the most common situations. (In unusual or 
uncommon situations. the electron pairs are retained.) Here are some typical situations in which 
electron pairs should not be necessary: 


f 
f^ | | [ Y 


X. [Lo es oe „ 
Но ~—*>C=0 — 3» H;0—C—0 means H30:——C —0 ——> H4Ó —C—04 
/ / " . | ee 
* ` 
(CH, nC—H Е -J> нс? Вг means єн, nC- -Нг,- ->> (CHIC Br: 


R;N means КҮМ 


КС means КС: 
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Thus, an oxygen with three bonds and a positive charge has one unshared electron pair; an 
oxygen with one bond and a negative charge has three unshared pairs: an uncharged nitrogen 
with three bonds or a negatively charged carbon with three bonds has one unshared pair; and a 
halide ion has four unshared pairs. 

The reason we do not have to show unshared valence electrons is that if the formal charge 
on an atom and the number of bonds to an atom are known, the number of unshared valence 
electrons are automatically known. It follows that the formal charge must be shown: otherwise. 
the valence electron count of an atom is undetermined. 

Most of the mechanisms shown after this point will be written without showing the 
unshared pairs. [f you ever become confused by the absence of electron pairs, do not hesitate to 
draw them in explicitly. 


(c) Тһе bisulfite addition product of 2-methylpentanal: 


OH О 
| 
CH,CH;CH;CHCH — S— O^ Na* 
CH, о 


The central carbonyl group is hydrated for the following reason. The carbon of any carbonyl group bears a 
partial positive charge. The central carbonyl group is therefore bonded to two partially positive carbonyl 
carbons, and the positive charge on each of these carbons has an unfavorable repulsive interaction with the 
partial positive charge on the central carbon (see problem 19.18b for a similar situation). In addition, the other 
two carbonyl groups are conjugated with the benzene ring. As explained in the text, adjacent electronegative 
groups make carbonyl-addition reactions more favorable. and groups that are conjugated with the carbonyl 
group make carbonyl-addition reactions less favorable. It follows that hydration of the central carbonyl group is 
the more favorable process. The structure of the hydrate is as follows: 


О 


мг М он 
^<.. hydrate of ninhydrin 
' OH 


о 


(a) Two diastereomeric alcohols аге formed by the nucleophilic reaction of a hydride at the upper and lower 
face, respectively. of the carbonyl group followed by protonation of the resulting alkoxides. 


H OH 
У оды E О y Al es 
HL / Ww " MEL X X 
from the nucleophilic reaction of hydride from the nucleophilic reaction of hydride 
at the upper face of the carbonyl carbon at the lower face of the carbonyl carbon 


(b) Both cis and trans isomers of the alkene PhCH=CHCH; [(1-propenyl)benzene, also known as 
B-methylstyrenc] are formed. 


A five-membered cyclic acetal is formed when the middle OH group and one of the end OH groups of glycerol 
react with hexanal under acid-catalyzed conditions. A six-membered cyclic acetal is formed when both of the 
end OH groups of glycerol react with hexanal under acid-catalyzed conditions. This results in two sets of two 
diastereomers. 
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OH OH 
нс он B CH;OH CH;OH AN A 
| I H,0* M F 


HC—OH + HC(CH,),CH; ——»- 0. 0 + O. 0 + О. „0 + 0. „0 


| dila d 


H.C — OH hexanal Cs Hs С.Н, C.H 


glvcerol 
(1,2,3-propanetrial) 


= 
= 


CoH; 


The five-membered cyclic acetals are chiral: each diastereomer is a racemate. The six-membered cyclic acetals 
are not chiral. 


(a) | Glycerol has three hydroxy groups. Two possible cyclic acetals can be formed; one (A) contains a six- 
membered ring. and the other (B) contains a five-membered ring. 


n н ы, Ж РС нус O~-S НОН 
H,C —C—CH, + HOCH,—CH—CH,0H ———3 b рас and/or A 
М „ ` А ». 
acetone glycerol ну О H3C о 
А В 


T H,0 


(b Only compound B is chiral, and for this reason only compound B сап be resolved into enantiomers: 
hence. compound В is the observed compound. 


The two separable isomers are the diastereomeric acetals: 


oo / _— ^ 
о О Oo o 
you bas Ph 
Ph H 


(a) The reaction is formation of a hydrazone, a type of imine; see Table 19.3, text p. 985. 


70) 


(b) The reaction is a straightforward dimethyl acetal formation. 


OCH, 
НС 1,1-dimethoxy-4-methylcyclohexane 
OCH, 


(c) The formula shows that only one of the carbonyl groups is involved in acetal formation; the aldehyde 
carbonyl reacts selectively because aldehydes form addition compounds more rapidly than do ketones, 
and because addition reactions of aldehydes are thermodynamically more favorable than those of 
ketones. 


Q OCH 
H = H 1,1-dimethoxy-2-propanone 
OCH, 


(d) This reaction is internal acetal formation, in which the two alcohol groups form an acetal with the 
carbonyl group within the same molecule. 
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H Lf | V H 
А ) : 
3 ' / E 3 


(e) This is a Grignard addition to the ketone to give a tertiary alcohol that subsequently dehydrates under the 
acidic conditions to an alkene. Whether the dehydration occurs depends on the acid concentration and 
whether the conditions are designed to remove water. 


= А - 

D Xd уже, ¢ У É X жә 

\ 7 М; м T Ne f 
CH35CH; CHCH; 

1.1-diphenyl- I-propanol 


(D This is a Wittig reaction. 


»ne 


(g) A "double" Wittig reagent is formed from the two benzylic bromides, and cach Wittig reagent reacts at a 
different carbonyl group of the same aldehyde molecule to form a diene. 


g 8 
| | 
t ağ 


19.49 (а)  Inthis reaction, the carbonyl group is reduced to an alcohol, which is subsequently ionized by NaH. The 
resulting intermediate is essentially a Wittig oxaphosphctane intermediate. as the hint suggests: this 
intermediate decomposes to form an alkene. 


O ro 
|| Vl ^ 
PhP OH PhjP* О 


N: 
(CH3CH3CH3)4€ —CHCH3CH; NH y. (CH3CH3CH2)9C —CHCH39CH3 —3À 
product of NaBH4 reduction 
"E 
| 
PhP zO o 


Hri | 
(CH34CH54CH5)4C *-CHCH3CH, —— (CH3CH4CH5)5C —CHCH3CH4 t Ph,P——O 
an oxaphosphetane 


(see Eq. 19.73a) 


(b) = An initially formed imine reacts with sodium borohydride to form an amine. (Although this reaction is 
discussed in Sec. 23.7B, text p. 1199, the product follows directly from the hint.) 


NPh NHPh 
cups ШЖ Мавн ; y è 3 
CH4,CH3CH3CCH; on OH?” CHxCH2CH2CHCH, 
1 


19.50 (a) Friedel-Crafts acylation gives a ketone, p-methoxyacetophenone, which reacts in a Wolff-Kishner 
reduction of the carbonyl group to give l-ethyl-4-methoxybenzene. 
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wo d E а со ( ene 


p: methoxyacetophenone ]-ethyl-4- methoxybenzene 
product of Friedel-Crafts acylation (p-ethylanisole] 


(b) Prepare the triflate of the phenol and subject it to a Stille reaction (Sec. 18.10B) with tetraethylstannanc. 


(CH34CH43)45n 
Pu(0) (cat.). PPh 


— triflic з 
LiCl (excess 
mo jon =; cmo Уап EN РАЙ 


hydroquinone monomethyl ether = 
(p-methoxyphenol) CH30 N Р CHCH; 


19.51 The data indicate that compound A is a benzene derivative with an additional degree of unsaturation. Its 
reactivity in the Clemmensen reduction and the formation of a xylene suggests that it has two substituents on а 
benzene ring, one of which is a methyl group and one of which is an aldehyde. Only p-methylbenzaldehyde 
would give. after Clemmensen reduction, a compound (p-xylene) that in turn gives, because of its symmetry, 
one and only one monobramination product, 2-bromo- 1 .4-dimethylbenzene. 


Hc )—cH=o AS, no )-0 Жыны, und as 
\ if 
Br 


4—methy!beazaldehyde p-xylene 


(compound A) (compound A) 
2-bromo-1,4-dimethylbenzene 


19.52 As always, bear in mind that there is often more than one acceptable synthesis that fits the parameters given. 


(a) 
0 1) PhMgBr OH О 
2њо“ | PCC | 
CH4CH;CH;CH —— CH4CH;CH;CH —Ph —- CH4CH;CH;C —Ph 
butyraldehyde butyrophenune 
(b) 
— — conc. HBr 3 
j е NaBH, y Н:504 \ Му. ether 
X )—o HoH : үз ОН = ( 7, E » 
cyclohexanone 
1 
D cus cn, А OH 


2) HO ; 
( ova абе: ed + ра 


2-cyclohexvl-2-propanol 
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(c) 
D NaH 
А NaBH, _ Н DCHA _ 9 
J CH,OH ^ ( — ~ OC H3 
cyclohexanone cyclohexyl methyl ether 
imethoxycyclohexane) 
(d) 
NaEH, £ soc, 
PhCH = 0 снн PhCH;OH pyndine | 
4 PhCH;CI 
PN PhCH;O'Na' ас — PhCH,OCH;PH 
dibenzyl ether 
(e) 
o 1) CH; Mgl OH 
T 2) H40* | Кел 
CHi3CCHCH3CH;CH4 ее > (CH355CCHCHSCH4CH4 = >» (CH4C = Бен›ен»ень 
CH, СНз CH3 
3-methyl-2-hexanone 2,3-dimethyl-2-hexene 
(f) 
* - CH; 
|! Ph,P—CH; e 
CH4CCHCH;CH;CH ——— CHQCCHC H CHC н, 
| | 
CH, CH, 
3-methvl-2-hexanone 2,3-dimethvl-1-hexene 
(g) 
о 
| | 
он но он но CH C Low 
н, н&—#т, 
PUC PCC (Wittig) 
———— 
а= ather 
ше ДЕШЕ.» H H 7 H 
HC с H,C CH, HC CH; 
(Z)-5.6-dimethyt- 
-d -1.10-diol 
5-decen o CH, CH, 
| | 
CH 
G2 catalyst 
(2 mole %) 
CH,Cl * H.C = CH; 
H ox H CH, 
HC CH, HC 
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th) 
OH HO OH HO Br Br 
H; 
S ‚фе " = 
— —> ——- 
— ether 
HC с HC CH; HC CH; 


(Z)-5.6-dimethyl- 
§-decen-1,10-diol 


OH OH о (0) 
MgBr MgBr 12) H0 | | | | 
(excess) CH, H,C CH HC 
2) H;0* PCC 
— ——> 
H H m H H 
HC CH; НС CH; НС CH; 
rot 
CH HC 
H,C— PPh, G2 catalyst 
(Wittig) (2 mole %) " u 
ether CH.Ch Ned „= 
ҥн Сн, 
НС CH; нс 
(i) 
OH 
| оо, periodic acid CH—O NaBH, CH? —0H 
| -——4-» M————» БЕ = 
CH —O CH; —OH 
OH 
cyclohexene 1,6-hexanediol 


(j)  Inthe following synthesis, the two acyl groups could be introduced in the opposite order. 


[0] 
1) CiCH CH, AICI; 


o 
2) H,0* || / " 
C 7 3 C 2- lemen, Нена 


benzene n 
b CH,CH)CH, CCI, AIC]; 


Е, 2) H,0* 
4 ) «ање, : > 
o 
CH,CH,CH,C (аван УНЕ HCl сн,сн,сн,сн, 0 omnem a 


1-butvl-4-propvilbenzene 


(К) First prepare the Grignard reagent benzylmagnesium bromide from benzaldehyde: 
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O ШАН; 


| 2) H,0* = "ы M». ethe 
Е Ка ас РЕ \ / CH3OH conc. НВг, — CHsBr 1g. ether 
"T 


Then let this Grignard reagent react with henzaldehyde and oxidize the resulting alcohol: 


1) O=CH 


э + 
TZ benzaldehyde р 2н? 
T о 
T |! 


(d) The first hint indicates that a protecting group must be used. The second hint is meant to call atiention to 
the hemiacetal linkage which. because it is a five-membered cyclic hemiacetal. will form spontaneously 
from the corresponding aldehvde. 


CH; CH,OH Isolvent) CHO CH, 1) BH,/THF 
acid cat. LN 2) H5:04/Na4OH 
O=CHCCH =CH. —— GHCCH =Chs . — EMm 
Hf 
CH; cmo du, 
CH; 
СНО CH; T CH; | 
"5 H30. H,0 ; | — НС 
CHCCH3CHS4OH. ——— = > e a < VA 
"Pace 
C H30 CH; CH; a 


(m) А protecting group must be used in this synthesis. 


о 
1) ciler, АС; о 
2) H40* ll CH4OH (solvent) 
к —————— CHC Br ————— 
k H3SO4 (cat.) 
осн; OCH; 
M 
CH4C B — "y сне мег —©^—> 
OCH OCH; 
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If you proposed protonolysis of the Grignard reagent in D,O* you have the right idea. 
However. use of D,O* would actually result in the following product: 


M a 
CD,C 20x 
// 


The reason is that acidic D-O brings about the exchange of protons that аге a to an aldehyde or ketone 
carbonyl! group. This is a reaction you will learn about in Chapter 22. (See Eq. 22.6 on text p. 1108.) To 
avoid this exchange use Р.О for protonolysis of the Grignard reagent. which gives Mg(OD) as a by- 
product. Because this by-product maintains basic conditions. the acetal is left intact. Hydrolysis of the 
acetal is then carried out with Н,О* in Н.О. 


HC == CH, 
Pd[Pto-telyl) у}, 


0 О (catalyst) 
| АСЬ / (CH) :N 

Br + C—C—CH, —— Br C Е 
CH;CI; \ acetondnie 


(a) 


Ра С CH, —— | Ph—C—CH; «—3 Ph —C—CH; 


(b) 


о (CH3;C == C(CHJ; 
/ G2 catalyst (2 mola %) 
H;C = CH "s —um T 


о H.C rx PPh, 


CH 
/ (Wittig) Е = Р 

(CH, C — CH Cae исон 1-6 
сњ 


An Lewis acid-base dissociation of the bromide—cssentially an S41 reaction— gives ап a-hydroxy 


carbocation, which is, by resonance, also the conjugate acid of acetophenone. Deprotonation by bromide 
ion gives the ketone and HBr. 


OH Ге" CN о 
| i ] ў 
ВГ 9» Ph—C— CH; + HBr 


acetophenone 


Part (a) of this problem shows that a-bromo alcohols break down spontaneously to aldehydes or ketones. 


jis 1 
gern —— R—C—H + H—Br 
Br 


Osmium tetroxide reacts to form the glycol А. which is also an a-bromo alcohol. This breaks down to the 
aldehyde as implied by the foregoing reaction: 


ОН OH OH o 


O*0,. H30 
НС —CH — Br : 


|| 
=æ НС —CH — В Ее. CH + H—R 
A 
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19.54 The molecular formula of compound A shows that two equivalents of methanol are added to the alkyne. The 
fact that the product hydrolyzes to acetophenone indicates that the two methoxy groups of compound A are on 


the same carbon, that is, that compound A is an acetal. 


H 
H 
- OCH; ce 
— OCH; “OCH; OCH; 
v (a) M | (b) 
РАС —CH — » PhC—CH; > PhC —CH; > PhC—CH; Н —— > 
| 

H —OCH; 

D | 

\ĴHBr 

OCH, OCH, OCH, 


| | . 
РАС —CH, ——» Phe: CH, = — —3» PhC—CH; + HOCH; 
E Осн, OCH, 
5 : compound A 
HOCH; H, HOCH, 


acetophenone 
dimethyl acetal 


In the step labeled (a). the acid CH,OH, is used to protonate the alkyne because it is the major acidic species 
present when H5SO, is dissolved in methanol (just as H ;O* is the major acidic species present when H;SO, is 
dissolved in water). Protonation occurs on the terminal carbon because it gives a carbocation that is benzylic 
and therefore resonance-stabilized. In the step labeled (5). protonation again occurs on the terminal carbon 
because the resulting carbocation is resonance-stabilized by electron donation from both the benzene ring and 


the neighboring oxygen. 


19.55 |a) A THPether is acyclic acetal. In aqueous acid. the cyclic acetal undergoes hydrolysis to give. besides 
the ROH. 5-hydroxypentanal, which is in equilibrium with the cyclic hemiacetal 2-hydroxypyran. The 
equilibrium between the two favors the cyclic hemiacetal. (See Eq. 19.49 on text p. 979.) 


AN 70. 
Au me ree Л 
ко“ ^O но“ ^O o^ OH 


2-hydroxypyran §-hydroxypentanal 
+ ROH 
(b) 
Q 
о 
МХ Br LN . INAN Abr M 
HO CHCl, О о ether 


4-bromo-1!-butanol 


+ 
Ө! acetone Ө! "WW г. = Ou 
o О“ or —- 9 0 
T C1 
+ 
HO 0 OH 


2-methyl-2,6-hexanediol 
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19.57 


19.58 
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(a) 


P m n! 
N 
CH,CH,CH,CH,;CH=O and нен (уос, 


pentanal (valeraldehyde) 
p-methoxyphenylhydrazine 


(b) Because a cyclic imine is formed, the reaction must be intramolecular; that is, the amine and the carbonyl 
group that react must be in the same molecule. 


| Gm 
ge 


(a) 
H OH 


9 
`/ 
нс —C— он. 


(b Тһе NADPH is behind the plane created by the carbonyl group of the 3-ketobutanoyl thioester. The pro- 
(К) hydrogen is delivered to the back side of the carbonyl. In the transition state, the bond between the 
hydride and the carbonyl carbon begins to form, and the oxygen is pushed forward out of the plane, 


while developing a partial negative charge. 
bond forming 
oxygen moving 
forward 


" к o) 
КЕ Ns. | 
* HC ^ C—CH; _——_— —> 4 on =i —CH, —C—s— protein | 


NADPH transition state 
(approaches from behind 
the carbonyl group) 


(c) Тһе -OH group of a tyrosine or serine residue (as shown) can stabilize the developing negative charge on 
the carbonyl oxygen through hydrogen bonding and lowers the energy of the transition state, speeding up 


the enzymatic reaction. 
hydrogen bonding helps protein 
stabilize the transition 121 
state serine residue 


О 


/ on enzyme 
H ] "d 
fas в й 
^N ^ Hin, J i 
Г вс оњ S—{ protein | 


transition state 


Because compound A has one carbon more than the product D, a carbon is lost at some point; the most likely 
place is the benzylic oxidation that gives compound D itself. The structure of compound D shows that all 
compounds contain benzene rings with four substituent groups. That compound A can be regenerated by 
oxidation of optically active B suggests that B is an alcohol and А is a ketone. Compound В cannot be a 
primary alcohol because such an alcohol could not be optically active. (The chirality has to be associated with 
the alcohol functionality because optical activity is lost when the alcohol is oxidized.) It cannot be a tertiary 
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alcohol because it could not be formed by LiAIH, reduction and could not be oxidized. Compound A has one 
degree of unsaturation in addition to the four accounted for by its benzene ring and the one accounted for by its 


carbonyl group; the only way to accommodate all the data is for compound A to contain a ring. The correct 
structures are as follows: 


1 INT 
H,C / Ке НС 
Od “rs "xo 
SM ШР, = f S 
Bc З HC МА / HIC “ 
A B C 
19.59 Compound A is an aldehyde because it is oxidized with Ag(I). Because there is no additional unsaturation, the 
remaining oxygen is accounted for by either an alcoho! or an ether functional group. Because Clemmensen 
reduction of the CrO, oxidation product gives a compound without oxygens, the CrO, oxidation product of A 
must be a keto aldehyde or a dialdehyde. Because compound А is oxidized to a dicarboxylic acid by H;CrO,. it 
must contain a primary alcohol; hence, its CrO, oxidation product must be a dialdehyde. Compound A, then, is 
a chiral hydroxy aldehyde that is oxidized by CrO; to an achiral dialdehyde. The Clemmensen reduction 
product shows that all compounds have the carbon skeleton of 3-methylpentane. The compounds with this 
carbon skeleton that fit all the data are the following. 
о о о 
HOCH3CH3CHCH3CH =O HOCH,CH,CHCH,C — OH HO —CCH3CHCH5C —OH 
| | 

СНз CH3 CH3 

A B С 

үс 

Zn/Hg. НСІ 
О= CHCH3CHCHa4CH =O — — — —»9  CH3CH3CHCH3CH; 
CH, CH; 
achiral 3-methylpentane 
19.60 (a) 


The mechanism below begins with the protonated aldehyde chloral. which serves as a carbocation 
electrophile in the ring alkylation of chlorobenzene. The resulting product, an alcohol, dehydrates under 


the acidic conditions to give another carbocation that alkylates a second chlorobenzene molecule and 
thus forms the product. 


"e. 


+ 
,protonated chloral OH AH —OS¢ AH _ 
^ | \ 
OH^ UN CHCCH = OH „— 
CHCCH 4 2- є——>» X СІ — —» ClCCH —(, 2—«1 > 
^ N A hi VPN / N Uf 
pesi ЕЕ + 
OSO,H 7 7080,H 
* 
ФОН; — — 
~| ‘a -H,O + fc: 
CICCH —Q )—C! — » ChCCH —4 )—« > 
М // \\ 
\ 7 j V 7 
Z^ 
OSO,H | | OSOH 
b di 
CI 
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CH CCH L 2-9 —» ChCCH 20 + H—O0SO;H 
H 


^ 2 
"OSO,H | 


Su. 
à e DDT 
(b) 
o= A cin OH он 
| ж | 
СНССН 3 CH,CCH, <—> CH;CCH, 0—82 
(CH,),C | < 
HO OH — (CHC OH 9 (CHC ОН = 

H0 J 
a resonance-stabilized 


carbocation 


H,0 
арча р Е № сн, 
оњ jon > we eA )-9 А 
(resonance stablized) CH; 
P 
CH; 


bisphenol A 


19.61 The first step is the formation of an imine. by the standard mechanism (see the solution to problem 19.30 in this 
manual). The imine carbon-nitrogen double bond can be thought of as a less reactive version of a carbonyl 
carbon-oxygen double bond; draw a resonance structure of the imine to convince yourself of the partial positive 
charge on the carbon. An intramolecular Friedel-Crafts "acylation" occurs, closing the ring. Regeneration of the 
aromatic ring by a base yields salsolinol. 
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HO 1e | HO 
pula P T eges 
HO HO de "uu 2 
dopamine NJ iV 


minc 


HO А но 
— 
ја K H үм IL NH 
HO ! 5 HO 

_ * CH H 
ree bi j 


salsolinol 


19.62 (a)  Inthis case, LiAID, serves as a source of nucleophilic isotopic hydride (deuteride): deuteride opens the 
epoxide with inversion of configuration. 


OH 


(racemate) 


"D 


(b) Hydride ion, delivered from LiAIH,, opens the epoxide with inversion of configuration. Because the 
epoxide carbons are enantiotopic and therefore chemically equivalent. the nucleophilic reaction of 
hydride at each of these carbons occurs at the same rate. As a result, the racemic product is formed. An 
equivalent view is that the starting epoxide is a meso compound. Hence, the chiral product must be a 


racemate. 
HO CH 
cee? 
Кай y 1 (formed as the racemate) 
D H 


19.63 (a) Thumbs wants a Grignard reagent to react selectively with a ketone in the presence of an aldehyde. 
Because aldehydes are more reactive than ketones, the aldehyde. not the ketone. will react most rapidly. 


(b)  Thumbsis trying to form a Wittig reagent by first carrying out an Sy2 reaction of triphenylphosphine 
(Ph;P) with neopentyl bromide. Because neopentyl bromide is virtually unreactive in Sy2 reactions, this 
reaction will not occur. (See Fig. 9.4(b) on text p. 397 and associated discussion.) 


19.64 (a) 
-— F9 
/ E * 
S¢ T S H—OH, e 
Ph _t —Ph ———» Ph—C—Ph oH » Ph С Рһ — —» Ph d -Ph -—> 
Al 2 | | 
mo ~? H On OH OH 


8. 2, 
— + ОН» 


Ph —C —Ph œ > Ph —C—Ph| ——— Ph —C—Ph + HS 
ad. 2 
ОН +0“ / О 
H 


SH 
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Compare loss of the —SH group. which does not require protonation. to loss of the —OH 

- 4 group in the acid-catalyzed decomposition of a hydrate. which does require protonation. 
Protonation of the —SH group is not necessary for it to serve as a leaving group for two 
reasons. First. the C—S bond is substantially weaker than the O—H bond: and second, SH is a 
much weaker base than OH. Furthermore, the —SH group itself is а much weaker base than 
the —OH group: consequently, much less —SH than —OH 15 protonated under neutral or 
dilute-acid conditions. 


(b) Opening of the epoxide by the phosphorus compound yields an oxaphosphetanc, the same type of 
compound that serves as an intermediate in the Wittig reaction: this compound collapses to an alkene as 
it does in the Wittig reaction. (See also the solution to Problem 19.492, text p. 998.) 


Co авы T (CHi)0P О 
ÁN 


(СНО Р: H3C—CHCH, ——3» НС -СНСНу ——> ЮР ж m < 
. - = 


ап oxaphosphetane 


(CH,O),P=0 + H,C—CHCH; 


(c) The imine, formed by the mechanism shown in Eqs. 19.60a—b on text p. 984. is in equilibrium with a 
small amount of an enamine (just as an aldehyde is in equilibrium with a small amount of enol). The 
nitrogen of the enamine serves as a nucleophile that reacts with the second aldehyde carbonyl group 
intramolecularly to form the ring. 


(1 


H— OH; 
NCH NHC35H NHC^H4 
pes Nie Дис гу 
HC CH—O HC CH-—O " HC ^CH—O 
=z њо, e «22 u—On,- | P тшк. 
* 
$ н 
HiC CH нс СН: н.с CH; 
Cols 
H С.Н; H30——^H Q С.Н; e 
© еы (y a 
m * p P + 
HC CH— —H— OH HC CH — OH HC CH—OH H— OH, 
> 2 
| | —» || x а | — 
H3C СНз HC CH; НС СНз 
сэн; C3Hs сэн; 
| 
М (> N N 
"dili." * “Nt p XN 
нс“ ~CH—OH, нс“ "CH HC” “сн d 
он + || =й» || it) —» || l| + н—он, 
HC CH3 HC CH; HC Сн; 


(d) — Protonation of the aldehyde gives an o-hydroxy carbocation that alkylates the double bond. The 
mechanism below starts with the protonated aldehyde. 
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H EDU H | СНз H ыў H . 4CHs 
5-4 x rais 
+ 
S CH—OH <—> L CH —OH >»  CH—0H -——— | CH —OH + НСІ 
"9 | j N t V CI М7 
^. X -— 3 
git R e iil AX " 4 EN 


protonated aldehyde 


(e) Тһе carbonyl oxygen serves as a nucleophile that reacts at the carbonyl carbon of a protonated 
acetaldehyde molecule. 


+ 
qu OH on OH 
Hc- CH = > Н.С CH — JP ncc — > nce a 
" s+ 
2 СП | 
= CH —CH 
| H3C НС + 
н с СН i 
о 
Il 
н.с CH 
CH; CH, 


CH3 
OH OH 


о о + T | 
KR b ner + > i s" 
Hc” "O^ "CH, 


protonated acetaldehyde; 


paraldehyde reacts to give more paraldehyde 
19.65 (а) The synthesis of 4-methyl-3-heptanol: 
1) O —CHCH3CH; OH 
Me 2) H,0* 
CH4CH35CH35CHBr ether » CH3CH5CH3CHMgBr » CH43CH3CH5CHCHCH;CH; 
| | | 
CH, CH, CH; 


4-methyl-3-heptanol 


(b) Because 4-methyl-3-heptanol contains two asymmetric carbons, it can exist as diastereomers. Even if the 
starting alkyl halide were enantiomerically pure. and even if the Grignard reagent could be prevented 
from racemizing. the product would likely be a mixture of diastereomers. 


19.66 (a) Тһе NMR spectrum suggests a great degree of symmetry: four aromatic protons, all equivalent. and two 
methyl groups adjacent to a carbonyl group. The IR spectrum suggests the presence of a carbonyl group 
conjugated with the aromatic ring. The chemical shift of the ring protons is grcater than usual because of 
the electronegative carbonyl groups. Because all four ring protons are chemically equivalent. they 
appear in the NMR spectrum as a singlet. 
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19.67 


19.68 


[0] о 
| / к N | 
8.с—С A ? ССИ: 


У. 


p-diacetylbenzene 


(b Тһе NMR spectrum indicates the presence of a tert-butyl group and an aldehyde. The compound is 
(CH3)3C—CH=O 2,2-dimethvlpropanal (pivalaldehyde) 


(c) The NMR indicates two vinylic hydrogens as well as an aldehyde adjacent to a CH. The IR absorption at 
970 ст! shows that the vinylic hydrogens arc trans. The double bond and the aldehyde account for all 
of the unsaturation. The UV absorption at 215 nm indicates that the alkene and aldehyde double bonds 
are conjugated. The allylic СН» absorption at 6 2.3 is essentially a quartet, which suggests three 
hydrogens on adjacent carbons, that is, a vinylic hydrogen (because the absorption is allylic) and two 
others. The high-field triplet integrates for three protons. and thus represents a methyl group: its splitting 
suggests an adjacent CH» group. The absorption at 6 5.2 imples a —CH;— adjacent to five protons. 

The following structure is thus defined by the data: 
CH4CH5;CH5 H 
/ 
‘с: =C (E)-2-hexenal 
\ 
H CH —O 


The double absorptions of equal intensity in the mass spectrum indicate the presence of one bromine. The IR 
absorptions indicate a ketone in which the carbonyl group is conjugated to a benzene ring (1678 cm !) as well 
as aromatic "double bonds" (1600 cm ^!). The NMR spectrum indicates a para-disubstituted benzene ring and a 
methyl group adjacent to a carbonyl group. The compound has structure А below (p-bromoacetophenone). 

This compound has the molecular mass (198 for Br) indicated by the mass spectrum. 


| О -— 70 
в Уен H / Е 

<, )—C —CH4 с—‹ —с—# 

ч // 3 A / 

\ 7 \ / 
p-bromoacetophenone B 


A 


If you proposed structure B. it is not a bad answer. because you probably don't know about the IR spectra of 
acid halides. However, the IR carbonyl absorption of such a campound occurs at much higher frequency, 
furthermore, the chemical shift of the methyl group is more consistent with its being adjacent to a carbonyl 
group. 


(a) The cyclic trimer can exist as a mixture of diastereomers: 


CCl; 
СС ~~ СС ~. | 
/ Or ^ CL diii: ea p 
—— T / у / 
о “о апа o 7 o 
сс Che 
B-form a-form 


two diastereomers of the cyclic trimer of chloral 


(You were not expected to specify which form is which.) 


c 


(b) Тһе higher-melting form has the more symmetrical structure: in this case, the -form. See Sec. 8.5D. 


(Note that paraldehyde in Prohlem 19.64, part (e). can also exist as diastercomers.) 
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(c) Тһе a-form has two chemically nonequivalent sets of protons; hence. its proton NMR spectrum has two 
resonances in a 2:1 ratio. Because all protons in the -form are chemically equivalent, this form has only 
one resonance in its NMR spectrum. Related conclusions apply to the carbon NMR spectra: the a-form 
has four lines in its spectrum, whereas the 8-form has only two. 


19.69 (a) Subject the ketone benzyl phenyl ketone to an excess of isotopically enriched water in the presence of an 
acidic or basic catalyst. Several cycles of formation and decomposition of the hydrate will eventually 
“wash out" the isotope of lower atomic mass. (Note that *O = !*O) 


о e o’ 
* || 
PhCCH;Ph + H,O P EE un PhCCH;Ph — ——3» PhCCH;Ph + H,O 
benzyl phenyl (largc OH 
ketone excess) d 


Note that the last step is effectively irreversible only because of the large excess of isotopically enriched 
water; the unenriched water is present at very low concentration at all times. The ratio of enriched to 
unenriched ketone will be essentially the same as the ratio of enriched to unenriched water at 
equilibrium. Once the ketone is formed. reduce it with LiAIH 4 or NaBH, to provide the desired product: 


О* D LiAIH, OH 
2) H40* 
PhCCH;Ph —— —— —3» PhCHCH,Ph 


Another reasonable synthesis is oxymercuration-reduction of сїз-ог frans-stilbene (^1.2- 
diphenylethylene") with isotopically enriched water used as the nucleophile in the oxymercuration step. 


1) H(OAcS/HSO*/THF — OH 
2) NaBH, 
PhCH =CHPh ———+ > PhCHCH Ph 


cis- or trans-stilbene 


The Sxl reaction of the corresponding alkyl bromide with isotopic water would not be a 

c» satisfactory synthesis because this particular Sy reaction gives mostly frans-stilbene (structure 
above). the elimination (El) product. This alkene is the major product because it has an 
internal conjugated double bond and is therefore very stable. 


19.70 (a) In 1.2-cyclopentanedione the C—O bond dipoles are constrained by the geometry of the ring to be 
aligned at an angle of about 72?. This alignment provides a significant resultant dipole, as shown hy 


diagram A: 
о 0 - 
0 „СНз , 
о М 
1,2-cyclopentanedione (4) Сн; 
biacetyl (В) 


In biacetyl (2.3-butanedione). rotation about the central carbon-carbon bond is possible. Evidently, the 
two bond dipoles are oriented so that their resultant is less than the resultant in 1,2-cyclopentancdione. 
Notice that if their dihedral angle were 180°, their resultant would be zero. Hence, the bond dipoles are 
aligned at an angle somewhere between 72° and 180^. as shown in the Newman projection of diagram B 
above. (The angle turns out to be about 135°.) Aligned bond dipoles cause electrostatic repulsion. By 
undergoing internal rotation, biacetyl avoids this destabilizing effect. 
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I — The alignment in biacetyl occurs because it is the alignment of lowest energy: there are two 

>| reasons for this reduced energy. First, the alignment reduces the electrostatic repulsion between 

| the negative ends of the bond dipoles. Second. it prevents overlap between the 7-electron 

systems of the two carbonyl groups that would occur at an angle of either 0° or 180°. This 

overlap is unfavorable because it creates a charge distribution in the molecule that involves an 
electron-deficient oxygen. as symbolized by the following resonance structures: 


_ electron-deficient oxygen 


sf 
p :0: 
нс —С ye 9С c 
\ kS 
£ —CH; ссн, 
:0-2 :0: 


The information given in the problem plus а simplifying assumption that the cyclopentane ring 
has the shape of a regular pentagon allows you to use the law of cosines to calculate the bond 
dipole of a C=O bond as well as the angle between the two carbonyl bond dipoles in biacetyl 
(given above as about 135°). Try it! 


(b)  Them-* z* absorption is characteristic of the carbonyl group. This absorption disappears because а 
reaction occurs in which the carbonyl group is converted into another group that does not have this 
absorption. This reaction is addition of ethanethiol to give the sulfur analog of a hemiacetal: 


НС —CH=O + CH,CH,SH «О H4C —CH —OH 


has a carbonyl SCH.CH, 
group: has n -e л“ QUA 
absorption has no carbonyl 
group; has по л» Л" 
absorption 


(c) The Tollens test (oxidation with thc ammonia complex of Ag*) is a characteristic reaction of aldchydes. 
This compound reacts slowly because very little of it is in the aldehyde form; rather. the molecule exists 


largely as a cyclic hemiacetal. 


OH 
| 
CH —O CH 
N 
/ 
CHOH ch, 
reacts rapidly with The molecule exists mostly 
the Tollens reagent in this cyclic hemiacetal form, 


which is not an aldehyde, 
and which therefore does not react with 
the Tollens reagent. 


The molecular formula requires three degrees of unsaturation. The six-proton singlet suggests two chemically 
equivalent methyl groups. The IR indicates the presence of a carbonyl group. The two doublets at about 5 6 


and 8 7.5 arc vinylic hydrogens, one of which is significantly shifted by some clectronegative group, no doubt 
the carbonyl group. If the vinylic hydrogens account for one double bond and a carbonyl group accounts for 


another. we are still missing one degree of unsaturation. which thus must be a ring. The two remaining protons 


are in the chemical-shift region for protons a to a carbonyl. The data leave only one possibility: 
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4,4-dimethyl-2-cyclopentenone 


CH; 


If we return to Eq. 19.4 on text p 954. we see that cyclopentanones should have IR carbonyl absorptions at 
about 1745 cm !. However, conjugation reduces this frequency by 40-45 cm ', as shown by the trends in Eq. 
19.2 on text p. 953. This means that the observed carbonyl frequency of 1703 cm”! is exactly what we would 
expect for this compound. Furthermore. the small vinylic coupling constant is expected for two protons in a cis 
relationship (see Table 13.3 on text p. 647). 


19.72 The formula indicates one degrec of unsaturation which is accounted for by a ketone (IR absorption at 1710 
cm~, CMR absorption at 8 204.9 with zero attached hydrogens). The remaining oxygens cannot be alcohols 
(absence of O—H stretch in the IR) or other carbonyls. The CMR-DEPT data indicate the presence of at least 
one methyl ether (6 53.5) as well as a carbon bearing one hydrogen (5 101.7) that could also be attached to two 
oxygens: thus, an acetal group is a possibility. The proton NMR data indicate a methyl group attached to а 
carbonyl. The only carbon unaccounted for is a methylene group with a CMR absorption at 6 47.2, which 
places it adjacent to the carbonyl and near, but not adjacent to. the acetal. All the data conspire to define the 
following structure: 


0 OCH, 
| 
HC —C —CH; —CH 4,4-dimethoxy-2-butanone 
OCH, 


G 


The Chemistry of 
Carboxylic Acids 


STUDY GUIDE LINKS 


20.1 Reactions of Bases with Carboxylic Acids 


In Eq. 20.3 (text p. 1012), water is the base that reacts with a carboxylic acid, hecause water is the 
most abundant base present in the aqueous salution of an acid. However, you should not forget 
that carboxylic acids can in principle react with алу base. (For example. write the reaction of a 
carboxylic acid with one equivalent of a Grignard reagent.) 

Another point worth special note is that the reaction of strong bases not only with carboxylic 
acids. but also with alcohols and water. is very fast—so fast that a reaction occurs at virtually 
every encounter between an acid molecule and a base molecule. This becomes very important in 
situations in which proton transfer competes with other reactions for a limiting amount of a base. 
Suppose, for example. we want the aldehyde group in the following molecule to react with a 
Grignard reagent. The first equivalent of Grignard reagent reacts not with the aldehyde. but rather 
with the carboxylic acid. because proton transfer is such a fast reaction. 


CH4Mgl Loy Е. ta 
- — —» HC ‘ C—O МІ + CH4 
/ (faster reaction) CN d 


\ OMgl ,—— о 
\ CH3Mgl | I 
и » HC—) C— OH 
(much slower reaction; | \ / 
not observed) CH4 


To achieve a reaction of the aldehyde. a second equivalent of the Grignard reagent must be added: 
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о РРР о OMgl — re] 
= À | s > 7 р. M VS 
нс —C—0^ *Му — > Hc —C— 0^ *Mgl 
\ / | \ / 
CH; 


(The aldehyde carbonyl is much more reactive than the carboxylate carbonyl for reasons that are 
discussed in Chapter 21.) 

In summary. proton transfers to strong bases from O—H groups in most cases are much faster 
than other reactions of strong bases. 


LT 20.2 Resonance Effect on Carboxylic Acid Acidity 


The resonance stabilization of carboxylate ions was once considered the major effect responsible 
for the enhanced acidity of carboxylic acids. It is now believed to be less important than originally 
thought (although still significant) because carboxylic acids are also resonance-stabilized. 


г = 


»:0: :0: 
Cy ) 
< ~ E CI 
ксден 


Figure 3.3 on text р. 116 shows that stabilizing а conjugate-base carboxylate decreases the pK, of 
the corresponding carboxylic acid. It follows that stabilizing a carboxylic acid, that is, lowering its 
energy relative to that of its conjugate-base carboxylate, increases its pK,. Hence. the resonance 
stabilization of an acid and the resonance stabilization of its carboxylate are opposing effects. 
However, resonance is more important in the carboxylate ion because the carboxylate resonance 
structures disperse or delocalize charge, whereas the carboxylic acid resonance structures separate 
charge. Structures that disperse a single type of charge are more important than those that separate 
opposite charges. because separating opposite charges requires energy. by the electrostatic law 
(Eq. 3.44. text p. 117). For this reason. a carboxylate ion is stabilized more by resonance than its 
conjugate-acid carboxylic acid. If the two were equally stabilized by resonance, the resonance 
effect would cancel when the free energies of the carboxylic acid and the carboxylate are 
compared. and it would have no effect on the pX,. (The same point applies to the acidity of 
phenols: see Sec 18.7А in the text.) 


LT 20.3 Mechanism of Acid Chloride Formation 


The formation of acid chlorides follows a mechanism that is fundamentally the same as the 
mechanism for esterification. In esterification, the carbonyl group is activated by protonation. In 
acid chloride formation, if is activated by reaction with the Lewis acid SOCI;. A chloride ion is 
displaced from SOCI; in the process: 


о 
IN" о 
TTE | 
S—CI 
i +7 
:о:—7 i 


R—C—OH «—— к—С—он ci 
As a result of this reaction the carbonyl oxygen is more electrophilic. [n other words, the Lewis 
acid SOCI; activates the carbonyl carbon toward nucleophilic attack in much the same sense that a 
proton does. (You've seen that other Lewis acids, such as the lithium ion of LiAIH, or the 
magnesium of a Grignard reagent, can also activate attack at a carbonyl carbon.) The nucleophile 
chloride ion produced in the step above reacts at the carbonyl carbon: 
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о о 
|! | 
S—CI S—CI 
* - 
m :0 
| 
R—C—OH ч P  R—C—O 
| H 
E CI 
~ cl tetrahedral addition 
intermediate 


Notice the formation of a tetrahedral addition intermediate. as in esterification. This is a common 
mechanistic thread that runs throughout carbonyl chemistry. The —OSOCI group is an excellent 
leaving group and departs to give a protonated acid chloride. Loss of the —OSOCI group is 
irreversible. because it decomposes ta SO; (a gas) and chloride ion: 


? protonated acid chloride 
5—С!; 
S , <O 
10% «(x * «c Y (i 
NU —» | R—C--0 А <> R—C—0. + O—$—CH —» 
R—C о | .. H . LII LII 
б^. И CI CI 
CI E m 
» Сї 
o? No a 
sulfur 
dioxide 


Loss of a proton to chloride ion gives НСІ (another gaseous by-product) and the acid chloride: 


s- a R—C-O + НС: 
| .. H dur эз ee 
с! C 


20.4 More on Synthetic Equivalents 


Study Guide Link 17.1 (p. 509 of this manual) discussed the notion of a synthetic equivalent. Acid 
chlorides present another opportunity to think about this concept. Recall that acid chlorides are the 
acylating agents used in Friedel-Crafts acylation (Sec. 16.4F). Because acid chlorides are often 
prepared from carboxylic acids. it follows. then. that the acyl group of an aromatic ketone can 
originate from a carboxylic acid. Thus, a carboxylic acid or acid chloride can be viewed as the 
synthetic equivalent of the acyl group in an aromatic ketone. 


о о 

|| implies || 
R—C С) R—C-—CI + 

| 

о 


R —C —OH 


20.5 Mechanism of Anhydride Formation 


Working through the mechanism of anhydride formation will allow you to see again the patterns 
involved in carbony] substitution reactions. Consider the mechanism for the formation of the 
anhydride of a general carboxylic acid, КСО.Н, by acetic anhydride. The acetic anhydride serves 
as a Lewis acid to activate the carbonyl group of an R—CO;H molecule: 
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© 


H о D 


„ || го: M 0: 
H,c —C —Ó—C —CH, Qi i | 
z H4C—C --0—C —CH, H4C—C 
ы | m ы - | 
10: +0: "(Os о 
|! — || » T EX PT 
К —C —OH а R—C—OH ч =  R—C—OH + 10—C—CH, 


acetate ion 


The activated carbonyl group reacts with another molecule of carboxylic acid and loses a proton to 
the acetate ion formed in the previous step to give a tetrahedral addition intermediate: 


i о 
лж. H3C—C НСС 
ХО: ES Ó 
— || iis | 
R —C —OH R EP. OH R —C —OH 
| TE 
20: +0: Z :0—C —cH, о: О 
ll — ll JV X ud ERN, UR | os | 
R—C—OH  -«——— к-со—н <= R—C—O + H—0—C—CH; 
tetrahedral 
addition 
intermediate 


You should now complete the mechanism by showing, first, the loss of another acetate ion as a 
leaving group, and second, loss of a proton: 


о 
T 
нс—С R 
| | 
о show C—o n 
Р | | 
Eod. uy SG + H--O—C —CH; 
| 
Ó C—O 
| | 
R—C—0 R 


The mechanisms of anhydride formation with P-O; and with РОСІ, are similar. 

Anhydride formation is an equilibrium. When acetic anhydride is used as the reagent, this 
equilibrium is driven to the right by the use of a large excess of acetic anhydride (Le Chatelier's 
principle in operation). When cyclic anhydrides are being formed, the preference for 
intramolecular reactions that form five- and six-membered rings (Sec. 11.8) provides not only a 
kinetic advantage to the reaction—a greater reaction rate—but also an equilibrium advantage. 
Consequently, reactions that form five- and six-membered cyclic anhydrides in many cases require 
milder conditions. 
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FURTHER EXPLORATIONS 


20.1 Chemical Shifts of Carbonyl Carbons 


As pointed ош in the text. the clectronegativity of oxygen might lead one to expect the chemical 
shift for the carbonyl group of acetic acid to be greater than that of acetone. An additional puzzle 
is provided by the carbonyl chemical shift of the acetate ion. the conjugate base of acetic acid: 


О 46178 о 6182 
|| |1 D 
НС —C Le НС С О 
acetic acid acetate ion 


If chemical shifts in carbon NMR spectroscopy correlate with electronegativity. as they do in 
proton NMR. it seems that the acetate ion. because of its relatively electron-rich —O'. should 
have a smaller carbonyl chemical shift than acetic acid. The data above show that this is not the 
case. 

A related phenomenon is the chemical shift of the O—H proton. which was discussed in Sec. 
13.7D on text p. 651—653. In the gas phase (in which hydrogen bonding and other solvent effects 
are absent). this proton has a chemical shift of 5 0.8, a much smaller value than would be expected 
for a proton directly attached to an electronegative atom. 

These cases illustrate the point that chemical shifts are not determined solely by electroneg- 
ativity of nearby atoms. You learned, for example, that induced circulation of 7 electrons in the 
presence of the applied field accounts for the significant chemical shifts of both aromatic and 
alkene carbons as well as the shifts of aromatic and alkene protons—shifts far greater than would 
be predicted on the basis of the electronegativity of an sp^ hybridized carbon (Fig. 13.15 on text p. 
646 and Fig. 16.2 on text p. 794). In the cases discussed here, induced electron circulation also 
accounts for the results, except that the circulation involved is that of the oxygen unshared 
electrons, and it occurs in such a way as to oppose, and thus reduce, the applied field in the region 
of the adjacent atoms; as a result, a lower frequency is required for resonance of these atoms. The 
result is a smaller chemical shift. The a-carbon atoms of acetone have no such contribution, 
because they have no unshared electrons. Hence, the carbonyl carbon chemical shifts of ketones 
in carbon NMR are greater than those of carboxylic acids. In acetate ion, the contribution of one 
unshared pair is partially offset by that of another, because the two orbitals are directed differently 
in space with respect to the applied field; hence, acetate absorbs at a chemical shift that is closer to 
the "normal" carbonyl valuc. 


20.2 Moreon Surfactants 


The word "surfactant" means "surface-active compound." To say that something is surface active 
means that is lowers the surface tension of a liquid. Without getting into a technical discussion of 
surface tension. we can say that it is the resistance of a surface to penetration by another object. 
Water has a particularly high surface tension. (If you've ever seen someone float a coin on the 
surface of a glass of water, you've witnessed the effects of surface tension.) The high surface 
tension of water is due to the tight network of strong hydrogen bonds at the water surface. Because 
water cannot form hydrogen bonds to air, water molecules form particularly strong hydrogen 
bonds to each other at the air-water interface. 

When a surfactant is dissolved in water, the surfactant molecules tend to collect at the surface 
of the water with the hydrocarbon tails pointed toward the air-water interface, as shown in Fig. 
SG20.1. This orientation of surfactant molecules at the surface allows the solvent water molecules 
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to interact with the polar head groups and places the nonpolar tails in contact with air. which is 


AIR - : 
air-water interface 


nonpolar tail 


polar head group surfactant molecule 


Figure SG20.1 A diagram showing schematically the orientation of surfactant molecules at the interface of 
an aqueous solution and air. The nonpolar tails are oriented towards the interface. 


composed mostly of other nonpolar molecules. In this situation the network of tight hydrogen 
bonds at the surface of pure water is no longer present. As a result. the surface tension of the 
solution is lowered. One perceptible manifestation of this phenomenon is aqueous solutions of 
surfactants (for example, soap solutions) are slippery to the touch. 


20.3 Orthoesters 


We can ask whether esters react further under the estenfication conditions to form compounds 
analogous to acetals. (See Sec. 19.10A.) 


0 OCH; 
| acd | 
R—C—O0CH, + 2CH0H ><> п—#—0сњ + H,0 
OCH, 
an urthoester 
(not observed) 


Such compounds, called orthoesters, are indeed known. However, they camiot be formed in this 
manner because the equilibrium constants for addition to the carbonyl groups of acid derivatives 
are only about 10 " times those for formation of aldehyde addition compounds. Such cquilibria are 
simply too unfavorable to be driven to completion in the usual ways. 


10: 0: P An ester has more resonance 
П | Y. Eae structures and is more stable 
R—C—OCH; * —9 R—C*-OCH; «4 —9 R —C —OCH; relative to its addition products; 
© a Е" addition reactions are less favorable. 


qno: 0: An aldehyde or ketone has fewer resonance 
l structures and is less stable relative ta its 
R—C-R 4 »R—C-—R addition products; addition reactions are 

* more favorable. 


Hence, the equilibrium constant for an addition to a ketone is more favorable than the equilibrium 
constant for the same addition to an ester. This point is illustrated in Fig. SG20.2. 
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AG? (ester) 


+ 2CH,0H 


lower AG?, 
larger Ko 


STANDARD FREE ENERGY 


+ 2 CHOH 


higher AG”. 
larger Key 


Figure SG20.2 The greater resonance stabilization of esters causes addition reactions of esters to have 
smaller equilibrium constants than the corresponding addition reactions of ketones. 


20.4 Mechanism of the LiAIH4 Reduction of Carboxylic Acids 


The mechanism of the LiAIH , reduction of carboxylic acids is presented in the text only in outline. 
Further Exploration fills in the details. 

Reduction of the carboxylate ion by AIH; (step a in the following equation) is analogous to 
the addition. of BH; to the double bond of an alkene. (BH; also reduces carboxylic acids to 
primary alcohols.) 


one + Lit H3AIO: 


Notice that a tetrahedral addition intermediate is formed in step a. Breakdown of this intermediate 
(step b) expels Li* H:AIO' , which also can act as a reducing agent. Further reduction of the 
aldehyde to the alcohol (Sec. 19.8A) can occur either by this species or by excess LiAIH, present 
in the reaction mixture. 
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Wil REACTION REVIEW 


1. SYNTHESIS AND REACTIVITY OF CARBOXYLIC ACIDS 


A. SYNTHESIS OF CARBOXYLIC ACIDS—REVIEW 


1. Methods for preparing carbexylic acids introduced in previous chapters: 
a. Oxidation of primary alcohols (sce Sec. 10.6B. text p. 480). 


H о 
K5CtiO; || 
—C—OH ——— M» e 
H,0* 4^ “он 
H 
a primary alcohol a carboxylic acid 
H ( 
KMuO, H40* i 
—C-—O0H E "dni —» — C 
ae: 
н ЖІ 
а primary alcohol a carboxylic acid 
b. Side-chain oxidation of alkylbenzenes (see Sec. 17.5C. text p. 480). 
H ) 
|, KMnO} H,O+ f 
Ar m —R So > = JC. 
Ar^ ^O 
" м H 
an aromatic hydrocarbon an aromatic 
with benzvlic hvdrogens carboxylic acid 
п Q 
Сто; 
Ar —C—R V . 
d 
e Ar^ “ОН 
H 
an aromatic hydrocarbon an aromatic 
with benzylic hydrogens carboxvlic acid 
c. Oxidation of aldehydes (see Sec. 19.14, text p. 994). 
о ‹ 
| KMnO, HOt | 
С - » » C 
и OH on 
H | ОН 
an aldehvde a carboxylic acid 
он 
T H,0+ | К.Ст0; 7 
| » — | E > | 
зн MO" ^^ ou 
on 
an aldehyde an aldehyde hydrate a carboxylic acid 


d. Ozonolysis of alkenes followed by oxidative workup with H,O; (see Sec. 5.5, text page 198). 
H | ОН 
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B. SYNTHESIS OF CARBOXYLIC ÁCIDs WITH GRIGNARD REAGENTS 
1. The reaction of a Grignard reagent with carbon dioxide. followed by protonolysis, gives a carboxylic acid. 
a. Addition of a Grignard reagent to carbon dioxide gives the halomagnesium salt of a carboxylic acid. 
b. When aqueous acid is added to the reaction mixture in a separate reaction step, the free carboxylic acid 


is formed. 
о О А o 
| // H,0 // 
R-MgX +С —» R—C —— M R—C +  HOMgX 
NL | Ve s 
e ovy О MgX OH 


2. The reaction of Grignard reagents with CO; is another method for the formation of carbon-carbon bonds. 
(See Appendix VI. text page A-13. for a review of other carbon-carbon bond-forming reactions.) 


C. INTRODUCTION TO CARBOXYLIC ACID REACTIONS 


1. Reactions of carboxylic acids can be categorized into four types: 
a. Reactions at the carbonyl group. 
i. The most typical reaction at the carbonyl group is substitution at the carbonyl carbon. In such a 
reaction, the —OH of the carboxy group is typically substituted by a nucleophilic group. 
ii. Reaction of the carbonyl oxygen with an electrophile (Lewis acid or Bronsted acid), that is, the 
reaction of the carbonyl oxygen as a base. 
b. Reactions at the carboxylate oxygen, such as reactions of the carboxylate oxygen as a nucleophile. 
c. Loss of the carboxy group as CO; (decarboxylation). 
d. Reactions involving the a-carbon. 
2. Many substitution reactions at the carbonyl carbon are acid catalyzed; that is, the reactions of nucleophiles 
at the carbonyl carbon are catalyzed by the reactions of acids at the carbonyl oxygen. 


Il. REACTION OF CARBOXYLIC ACIDS AT THE CARBONYL GROUP 


А. ACID-CATALYZED ESTERIFICATION OF CARBOXYLIC ACIDS 
1. Esters are carboxylic acid derivatives in which the proton on the carboxylate oxygen in effect has been 
replaced by an alkyl or aryl group. 
2. When a carboxylic acid is treated with a large excess of an alcohol in the presence of a strong acid catalyst, 
an ester is formed; this reaction is called acid-catalyzed esterification (or Fischer esterification). 


о A [6] 
H,O | 
Cx + HO—R т> C. + HO 
R ОН Е OR 
an ester 


a. Acid-catalyzed esterification is a substitution of —OH at the carbonyl group of the acid by the —OR 
group of the alcohol; the —OH group leaves as water. 
b. The equilibrium constants for esterification with most primary alcohols are near onc. 
i. The reaction is dnven toward completion by applying Le Chatelier’s principle. 
ii. Use of the reactant alcohol as the solvent, which ensures that the alcohol is present in large excess, 
drives the equilibrium toward the ester product. 
c. Acid-catalyzed esterification cannot be applied to the synthesis of esters from phenols or tertiary 
alcohols. 
3. The mechanism of acid-catalyzed esterification serves as a model for the mechanisms of other acid- 
catalyzed reactions of carboxylic acids and their derivatives. 
a. The first step of the mechanism is protonation of the carboxyl oxygen. 
i. The catalyzing acid is the conjugate acid of the solvent, formed by reaction of the solvent with a 
strong acid such as H;SO,. 
ii. Protonation of a carbonyl oxygen makes the carbonyl carbon more electrophilic because the carbonyl 
oxygen becomes a better electron acceptor. 
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pesce. y OH OH OH | 
+ (HOR —> 1 <> ‘ E mn + HOR’ 
R^ ^od Мм" R^ “он R^ + OH в” “он 


b. Reaction of the alcohol with the carbonyl carbon of this carbocation, followed by loss of a proton, gives 
a tetrahedral addition intermediate. 


y OH HOR OH | He OH 
ы с L у HOR | ; 
C ———» R—C—O+ ——J R—C--OR' + HOR 
R OH | | 
он К OH 
tetrahedral 


addition intermediate 


c. The tetrahedral addition intermediate, after protonation, loses water to give the conjugate acid of the 


ester. 
ш = CS y 0H OH oH | 
R—C-—OR * НОЕ ) » R—C—OR + HOR —> = < > by < > Н + H,O 
|~ 1 = А... А Pa Е и *| e 
Mu S OH. R OR R OR R OR’ | 


d. Loss of a proton gives the ester product and regenerates the acid catalyst. 


B. SYNTHESIS OF ACID CHLORIDES 


1. Acid chlorides are carboxylic acid derivatives in which the —OH group has been replaced by —С1. 
а. Acid chlorides are often prepared from the corresponding carboxylic acids. 
b. Two reagents used for this purpose are thionyl chloride, SOCI;, and phosphorus pentachloride. РСІ;. 
о о 


| SOCh | 
= = Be + HCI + 505 (or РОС) 
R OH or РС1& к СІ 


2. Acid chloride synthesis fits the general pattern of substitution reactions at a carbonyl group: in this case, 
ОН is substituted by —CI. 
3. Sulfonyl chlorides are the acid chlorides of sulfonic acids. 
a. Sulfonyl chlorides are prepared by treatment of sulfonic acids or their sodium salts with PCI. 
b. Aromatic sulfonyl chlorides can be prepared directly by the reaction of aromatic compounds with 
chlorosulfonic acid. CISO;H. 
i. This reaction is a variation of aromatic sulfonation, an electrophilic aromatic substitution reaction. 
ii. Chlorosulfonic acid. the acid chloride of sulfuric acid, acts as an electrophile in this reaction. 
iii. The sulfonic acid produced in the reaction is converted into the sulfonyl chloride by reaction with 
another equivalent of chlorosulfonic acid. 


A М CISO;H ы / B SOH | “нс ZEN CISOH / Y 
) н ` s —— дый Ý %—80;Н — (/ S—§0,C1 
V 7 Y /\ H CI \ / Y" -н;50; \ / - 
^ ` / Í \ / = \ / 


C. SYNTHESIS OF ANHYDRIDES 


1. Carboxylic acid anhydrides are carboxylic acid derivatives in which the hydroxy group has been replaced 
by an acyloxy group. 
a. Anhydrides are prepared by treatment of carboxylic acids with strong dehydrating agents (usually 
P504). 
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[9] О 
4 Ps з | —ап acyloxy group 
R7 он CE" R7 do^ ^8 


an anhydride 


h. Most anhydrides can themselves he used as reagents for the preparation of other anhydrides. 
2. Some dicarboxylic acids react with acetic anhydride to form cyclic anhydrides—compounds in which the 
anhydride group is part of a ring. 
а. Cyclic anhydrides containing five- and six-membered rings are readily prepared from the corresponding 
dicarboxylic acids. 
b. Formation of cyclic anhydrides with five- or six-membered rings is so facile that in some cases it occurs 
on heating the dicarboxylic acid. 


о 
| о 
“OH heat r= 
» о 
_ JOH H20 TY 
C \ 
1 m 
і о 
Oo 


3. Anhydrides, like acid chlorides, are used in the synthesis of other carboxylic acid derivatives. 
D. REDUCTION OF CARBOXYLIC ACIDS TO ALCOHOLS 
1. When a carboxylic acid is treated with LiAIH,, then with dilute acid, a primary alcohol is formed. 
a. Before the reduction itself takes place, LiAIH, reacts with the acidic hydrogen of the carboxylic acid to 


give the lithium salt of the carboxylic acid and one equivalent of hydrogen gas. (The lithium salt of the 
carboxylic acid is the species that is actually reduced.) 


2. The reduction occurs in two stages: 
а. AIH, (formed from ће reaction of LiAIH, with the acidic proton of the carboxylic acid) reduces the 
carboxylate ion to an aldehyde. 
b. The aldehyde is rapidly reduced further to give. after protonolysis, the primary alcohol. (Because the 
aldehyde is more reactive than the carboxylate salt, it cannot be isolated.) 


? H 
Puan 4 Д f | ушан, 
x- ce m Жы... e |R—C xg © 3» R—C—OH 
\ =й ahy via tetrahedral ^ ‚зу 
OH oL intermediate " н. H 


3. The LIAIH, reduction of a carboxylic acid incorporates two different types of carbonyl reactions: 
a. A net substitution reaction at the carbonyl group to give an aldehyde intermediate. 
b. An addition to the aldehyde thus formed. 

4. Sodium borohydride. NaBH,, does not reduce carboxylic acids. although it does react with the acidic 
hydragens of carboxylic acids. 


lil. REACTION OF CARBOXYLIC ACIDS AT THE OXYGEN OF THE —OH GROUP 


А. ESTERIFICATION BY ALKYLATION 


1. When carboxylic acids are treated with diazomethane in ether solution, they are rapidly converted into their 
methyl esters. 
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a. Protonation of diazomethane by the carboxylic acid gives the methyldiazonium ion: this ion has one of 
the best leaving groups, dinitrogen. 

b. An S42 reaction of the methyldiazonium ion with the carboxylate oxygen results in the displacement of 
М» and formation of the ester. 


— 


m aga 
= " € (4 
П. н-к | H4C--N-—N T 
rn : i " " . ` " t 
R C M H diazomethane » R^ С. "9 ~ iF » i^ So H3 t №, 
^ methvydiazonium топ | 
a carboxylic acid a methyl ester 


2. The reaction of certain alkyl halides with carboxylate ions give esters. 
a. This is an 562 reaction in which the carboxylate ion. formed by a Bronsted acid-base reaction of the 
acid and a base (such as K»CQ3). acts as the nucleophile that reacts with the alkyl halide. 
KCO; т РАСНИ -В: 
R —CO4M ^» R—COSK t» R—CO;—CH;Ph 
-KHCO, KBi 
b. This reaction works best on alkyl halides that are especially reactive in the Sy2 reaction, such as methyl 
iodide and benzylic or allylic halides, because carboxylate ions are relatively poor nucleophiles. 


IV. DECARBOXYLATION OF CARBOXYLIC ACIDS 


The loss of carbon dioxide from a carboxylic acid is called decarboxylation. 
2. Certain types of carboxylic acids are readily decarboxylated: 

а. keto acids (carboxylic acids with a keto group in the f-position). 

b. malonic acid derivatives 

c. derivatives of carbonic acid. 


[0] 0 n 
|| | 
a keto acid IENS x » A H t CO. 
R^ “С "OH R” C Ё 
РАК P 
Oo О О 
a malonic acid Ц | heat il 
derivative „^^ „СН + COs 
К HOT ~C” ^он HO' Cc 2 
f we fs 
о 
a carbonic acid | — бүз 
анх. + ` > 
derivative RO “OH > 2 


3. Keto acids readily decarboxylate at room temperature in acidic solution. 
a. Decarboxylation of a B-keto acid involves an enol intermediate that is formed by an internal proton 
transfer from the carboxylic acid group to the carbonyl oxygen atom of the ketonc. 
b. The enol is transformed spontaneously into the corresponding ketone. 


0 0 Q^ yO 0 (e 

l N H LAC -CO c l H 
PENRAN AO! Шш” PNAS ee GAA ic. aa BZ NZ 
R P о R P о R о R хх 


enol intermediate 


4. The acid form of the f-Keto acid decarboxylates more readily than the conjugate-base carboxylate form 
because the latter has no acidic proton that can be donated to the B-carbonyl oxygen. 

5. Malonic acid and its derivatives readily decarboxylate upon heating in acid solution. This reaction, which 
does not occur in base, bears a close resemblance to the decarboxylation of 8-keto acids, because both 
types of acid have a carbonyl group £ to the carboxy group. 
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о о о 
[| 


M | 
a heat 
но: Ogre on ==> нос оН 4go 
\ / \ 
a malonic acid derivative 
6. Carbonic acid is unstable and decarboxylates spontaneously in acid solution to carbon dioxide and water. 
a. Carbonic acid derivatives in which only one carboxylate oxygen is involved in ester or amide formation 


also decarboxylate under acidic conditions. 
о 
H,0* 


> R—NH» + CO) | > R—NH: 


R. C. P 
N OH 


H 
b. Under basic conditions. carbonic acid is converted into its salts bicarbonate and carbonate. which do not 


decarboxylate. 
c. Carbonic acid derivatives in which both carboxylic acid groups are involved in ester or amide formation 


are stable. 

i. Carbonate esters are diesters of carbonic acid. 
ii. Ureas are diamides of carbonic acid. 
iii. Phosgene is the acid chloride of carbonic acid. 
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9 SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


20.1 (a) (b) (c) (d) 
CH,CH> CH,CO3H 
N / 
C eC CH ;CHs;CHCH;CH;CO;H 
CISCHCH3CO;H / \ “| — 
HOCH4CH4CH4CO;H B x J H H CH, 
res LTA B.B- dichloropropionic m 
y-hydroxybutyric acid acid (Z)-3-hexenoic acid 4-methylhexanoic acid 
(e) (f (g) (h) 
CI 
; \ ? / \ НО-СССН-СН-СН-СО-Н 
HOC \ V C OH CH iO —,‚ у—‹ )4H = 2 2 2 2 
\ / | \\ // 
am == а HO3C—COjH 
1,4-cvclohexanedicarboxvlic acid p-methoxybenzoic acid &,a-dichloroadipic acid — oxalic acid 


20.2 (a)  2.2-dimethylbutanoic acid (common: e.a-dimethylbutyric acid) 
(b) 9-methyldecanoic acid (common: w-methylcapric acid). Note that the term w (omega, the last letter of 
the Greek alphabet) is used in common nomenclature for a branch at the end of a carbon chain. 
(c)  3-hydroxy-4-oxocyclohexanecarboxylic acid 
(d) —2.4-dichlorobenzoic acid 
(e)  2-methylpropanedioic acid (common: methylmalonic acid) 
(f) | cyclopropanecarboxylic acid 


20.3 The dimer owes its stability to intermolecular hydrogen bonds. The solvent carbon tetrachloride has no donor 
or acceptor atoms to compete for these hydrogen bonds. However. the solvent water can compete as both a 
donor and an acceptor for hydrogen bonds. Hence, the dimer has less of an energetic advantage in water and, as 
a result, there is a lower concentration of dimer (in fact, essentially none) in aqueous solution and a higher 
concentration in CC]. 


20.4 The IR spectrum indicates the presence of a carboxy group. A carboxy group accounts for 45 mass units; this 
leaves 43 mass units unaccounted for. The NMR spectrum indicates seven hydrogens in addition to the carboxy 
hydrogen at 6 10. A group with seven hydrogens and 43 mass units must be either a propyl or an isopropyl 
group: the splitting in the NMR spectrum indicates the latter. The compound is 2-methylpropanoic acid 
(isobutyric acid), (CH41).CH—CO:;H. 


20.5 The NMR data indicate a para-substituted benzoic acid derivative; given this deduction, the para substituent 
must be a chlorine. 


p-chlorobenzoic acid 
(4-chlorobenzoic acid) 


20.6 First write the structures of the two compounds. 
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CH 
HOC —C —CH,—CO)H HO-CCH CHCH CH COH 
eu adipic acid 


a@,a-dimethylsuccinic acid 
(a) a.a-Dimethylsuccinic acid should have five resonances in its CMR spectrum because it has five 
chemically nonequivalent sets of carbons. Adipic acid, in contrast, should have three resonances because 
it has only three chemically noncquivalent sets of carbons. 
(b) Тһе proton NMR spectrum of only a.a-dimethylsuccinic acid consists of three singlets: the proton NMR 
spectrum of adipic acid is more complex. 


20.7 (a) The first and second ionizations of succinic acid: 
HO HO 


H,0° но” 
рК, = 4.21 рК, = 5.64 


(b) Тһе first pK, is lower because the electron-withdrawing polar effect of an un-ionized carboxy group 
stabilizes the anion formed by ionization of the other carboxy group. The second pK, is higher because 
the negative charge of an ionized carhoxy group destabilizes the anion formed by the second ionization. 
This destabilization is the result of the electrostatic repulsion of like charges. 


20.8 Extract an ether solution of the two compounds with an aqueous solution of NaHCO,, NasCO,, or NaOH. The 
acid will ionize and its conjugate-base anion will dissolve in the aqueous layer as the sodium salt; p- 
bromotoluene will remain in the ether layer. After isolating the aqueous layer. acidify it with concentrated HCI: 
neutral p-bromobenzoic acid will precipitate. 


209 (a) 
| r Dc 
| OH — conc. НВг з Вг _Ме „ MgBr Ll AR o | CO>H 
Ж H550, ether = 2) HO c 
cyclopentanol cyclopentanecarboxylic acid 
(b) 
1) BHy/THE conc. НВг 
2) ЊО Ман H5SO, Mg 
CH3(CH) 4CH =СН» - >» CHCH СНОН 2 >» СНуСЊ СНЗВг — 3» 
Ls 
1-heptene 
1) CO, 
CH3(C Hy KCH MgBr — 5.99 CHCH CH COH 
one octanoic acid 
One could also use HBr in the presence of peroxides to form the alkyl bromide directly from the alkene. 
In general, this alternative scheme will always be applicable in the conversion of a |-alkene into the 
corresponding primary alkyl halide. 
20.10 (a) 


о H3SO, (са. ) 


о 
СН:СН»ОН (excess) | 


iu | 
CH3CH3CH3;CHCH3COH æ> CH3a4CH3CHa4CHCH;COCH3CH; 
| Í 
CH3 CH; 
3-methylhexanoic acid ethyl 3-methylhexanoate 


(b) Both carboxy groups are esterified; the product is dipropy] adipate: 
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О О Н›80 сат.) О О 
CH;CH;CH;OH | 
HOC(CH: COH. — — — — ——39» CH iCHHiCH50C(C Ho 4COCHoCH3;CH i 
adipic acid dipropyl adipate 


20.11 (a) Follow the reverse of the steps shown in Eqs. 20.18a-d, text pp. 1020-1021. with R— = Ph—. 


ьн OH, A 


+ + 
o * OH о он /*H—O0H, 
H20 | H,0 үн 4 
PhC— OCH, а >” PhC—OCH, -а PhC—OCH, a 2 PhC—OCH, T E oa 
| 
OH OH 
OH, | 
- H« OH: 
+ 
OH H о-н“ 
[>] = il Onn e 
РС ОСН. «а Рис» = PhC—OH + H—OH; 

он“? OH 
+ OH; + HOCH; 


(b) To favor ester hydrolysis rather than ester formation, usc a large excess of water as solvent rather than an 
alcohol. By Le Chatelier's principle, this drives the carboxylic acid-ester equilibrium toward the 
carboxylic acid. 


20.12 (а) Тһе mechanism of hydroxide-promoted ester hydrolysis: 
ы 9 9 О 
25 u 1 Ф k Il 
PhO OCH, «p PC (gon, aet pro if ocu, ap 79 nc en, 
сон 


Notice that under the basic conditions the carboxylic acid product is ionized in the last step. Th:s drives 
base-promoted ester hydrolysis to the right. 


| The base-promoted hydrolysis of esters is called saponification, because soaps are made this 

E way from the base-promoted hydrolysis of fats, which are nothing more than esters of the fatty 

| acids. We'll study saponification in Sec. 21.7A, text p. 1061. However. if you were able to 
construct this mechanism. you're ahead of the game— you understand the reaction already! 


(b)  Asshown in the last step of the mechanism in the solution to part (a), methoxide reacts with the acidic 
proton of benzoic acid to form the benzoate ion much more rapidly than it reacts at the carbonyl carbon. 
(See Study Guide Link 20.1 on p. 659 of this manual for a discussion of this point.) 


20.13 Тһе structures of isobutyric and benzoic acids are given in Table 20.1. text p. 1006. The products are as 
follows: 


(a) (b) (c) (d) 


I ? о i о 
(CH, CHC —OCH4 Dudes Шен (CH3 hCHC — OCH3Ph Ph —C —OCHCH =CH) 


methyl isobutyrate benzyl isobutyrate 


dimethyl succinate allyl benzoate 


20.14 In this reaction the carboxylic acid is alkylated by the tert-butyl cation, which is formed by protonation of 
2-methylpropene. 
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20.15 


20.16 


20.17 
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Г 
HO;SO —H« — 
] T СНС --OH 
HC —C(CHib » C(CH14 —————— 
HO,SO™ 
| e Pi o- ECCh | o C CH 
We bs | 
|CH,C-0—H 4—3 CH,C=O—H | = CH,C=0 + HOq80 —H 
L| 
HO,SO^ 


A variation on this mechanism proposed by many students is alkylation of the carboxylate 
=> oxygen rather than the carbonyl oxygen by the ferf-butyl cation: 


Да ji | 
* " + 
CH4C-— OH "C(CH) —39 CH4C75,0— С(СН;)у —39 CH4C—0— C(CH), + HO,SO—H 


H 
HO4SO-— 7 


Although this appears to he a morc direct route to the ester, the mechanism given above is more 
likely to be correct for the following reason. Just as a carboxylic acid is protonated on the carbonyl 
oxygen rather than the carboxylate oxygen (why? see Sec. 20.4B of the text), it should he alkylated 
an the carbonyl oxygen for the same reason. 


(a) (b) (c) 


— О 
ы (7 | ` О 
CH; О CH40 N AC —CI T 


CH,CH,CH, —S —CI 
|| 


CH3CH;CH C а О 
p-methoxybenzovl chloride 
2-methylbutanoy! chloride (anisov] chloride) 1-propanesulfonyl chloride 
(a) (b) (c) 
ym Oo 
о о mm | 
/ c |! ье—+\ у —C 
CHCH, —S —CI C—cI \ fF | 
[| \ 4 — O 
О 
p-toluenesulfonvl chloride 
ethanesulfonyl chloride benzoyl chloride (tosvl chloride) 


Study Guide Link 20.4 in this manual, points out that a carboxylic acid is the synthetic equivalent of an acyl 
group in an aromatic ketone. This concept is realized by applying the Friedel-Crafts acylation reaction to the 
corresponding acid chloride. This synthesis takes advantage of the fact that the methoxy group is an ortho, 
para-directing substituent in electrophilic aromatic substitution. 


r soci il ) сњо—( X жез T 
К: і 
HO—C C 7 7—2 » CI—C э» СН;О C 
2) њо“ 


20.18 


benzoic acid benzoyl chloride p-methoxvbenzophenone 


(a) Тһе corresponding anhydride is formed: 
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О О О 
|| Р.О; l L 
2 CICH,C —OH —— ——»  CICH5;C —0 —CCHsCI 
chloroacetic acid chloroacetic anhydride 
(b) 


О О 
| | 
с 0—0-——C ie 
p-chlorobenzoic anhydride 


20.19 (а) _ Maleic anhydride forms a cyclic anhydride because its carboxy groups are cis. A cyclic anhydride of 
fumaric acid would require that a five-membered ring contain a trans double bond. 


о 
p [| 
He B 
OH 
О maleic anhydride HO {| fumaric acid 
о I This distance is too 
great to be bridged by 


a five-membered ring. 


(b) On heating. 2.3-dimethylbutanedioic acid forms a cyclic anhydride containing a five-membered ring. 
Because a cyclic anhydride of a-methylmalonic acid would contain a very strained four-membered ring, 
it is not formed on heating. 


OH HO о OH HO о 
/ \ Ие ЗЫ; | / x 
о=с C=0 һы o=C c=0 о=сС C—O o=C c=0 
\ / — y \ Pd > tf 
CH —CH -H20 CH —CH С C 
ч / \ ZON. EN 
HC CH; HC CH; н CH, н СН; 
2, 5-dimethyIbutancdioic 2,3-dimethylbutanedioic à-methylmalonic &-methvlImalonic 
acid anhydride acid anhydride 


20.20 (a) Тһе compound must contain three oxygens and two degrees of unsaturation in addition to the benzene 
ring. p-Formylbenzoic acid meets the indicated criteria. 
O D LiAIH, 


о = = 
“— ) Сон 250", HOCH; { ) <r 


p-formylbenzoic acid 


(b)  1.4-Benzenedicarboxylic acid (terephthalic acid) is a compound with the formula СНО; that gives the 
indicated diol on treatment with LiAIH, followed by protonolysis. 


о O АҢ 


Il 2 * 
HOC ЕВЕ AMO V» HOCH» (екн 


1,4-benzenedicarboxvlic acid 
(terephthalic acid) 


20.21 (a) This synthesis requires the addition of one carbon. Follow the general scheme in Study Problem 20.2, 
text p. 1029. 
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1) LiAIH, 1) go. 
2) HO conc HBr Mg 2) HO | 
PhCO;H EU oae PhCH,OH э» PhCH,Br Shee PhCH )MgBr — J3À» PhCH ,CO»H 
2 ethe 2 av 
benzoic acid phenylacetic 
acid 


(b) This synthesis requires the addition of two carbons, which can be accomplished by the reaction of a 
Grignard reagent with oxirane (text Sec. 11.5С, text p. 529). 


D LiAlfü 
‚О M 
PhCO2H cis ees PhCH,0H 9 PBr ou phe Br = E > PhCHMgBr D — 
2) H,0* 


benzoic acid 


1) KMnO,. “OH 
2) њо“ 


PhCH>CH CHOH —»»- РҺСН›СН›СО»Н 


3-phenylpropanoic acid 


20.22 Each compound decarboxylates; the net effect 15 the replacement of the carboxy group by a hydrogen. (In part 
(c). the amine product is protonated under the acidic conditions.) 


(a) (b) (c) 
O CH; 
| N, 
Ph —C —CH r* X 
| )— COH H,0* 
CH, се, ü CH4CH5NH» se Э CH,CH)NH, 


2023 Тһе following R-keto acids гапа their enantiomers) will decarhoxylate 10 give 2-methyleyclohexanone: 


о о 
CH3 i | 
HOC CH3 HOC CH; 
" 
Сон 


1-methyl-2-oxocvclo- cis-3-methyl-2-oxocyclo- trans-3-methyl-2-oxocyclo- 
hexanecarboxylic acid hexanecarboxylic acid hexanecarboxylic acid 


20.24 Were this carboxylic acid to decarhoxylate by the mechanism shown in Eq. 20.40 on p. 1030 of the text. the 
following enol would he formed as an intermediate: 


a m 
L^ Sy / 
^он 
This enol is very unstable because it violates Bredt s rule (Sec. 7.6C, text рр. 297-8); that is, the double bond is 


twisted to such an extent that the 2p orbitals on each carbon cannot overlap. 


20.25 (a) The second resonance structure contains a carbene carbon—a very unstable electronic configuration for 
carbon that, while neutral. has less than eight electrons. 
(b) The second structure contains two sp-hybridized atoms (the carbon and nitrogen of the triple bond). The 
ideal bond angles for triple bonds are 180 degrees, which is impossible to obtain in a five-membered 
ring. 


20.26 — In the first step. the hydroxyl group of malic acid is oxidized by NAD*. An mechanism of an analogous 
enzymatic reaction mediated by NAD*, the oxidation of ethanol, is discussed in Sec. 10.8 in the text. 


lec TOUT рет 5; һе o bxbhe: M yov f nd ar ется ipo (is mawa, cease vs 1h p/Zpecole ph. 


678 | CHAPTER 20 · THE CHEMISTRY OF CARBOXYLIC ACIDS 


А о O о 
{ | [ = | | + NADH 
HO—C—CH—CH.—C—OH юка "m M em m 
malic acid oxalacctate 


Oxalacetate is a B-Keto carboxylic acid. which spontaneously decarboxylates (loses carbon dioxide) to an enol 
(see Sec. 20.114 in the text), which then isomcrizcs into a ketone, in this case pyruvate: 


O OH ор 
| | 


о 
| ll == T CÓ, -— =8- | 
H0— C —L—CH,— C— 0H deat" yo— (Дон, * С == но kech, 
oxalacetate an enol pyruvate 


Finally, the NADH that was generated in the first step serves as a reducing agent ta reduce the pyruvate to lactic 
acid (see Sec. 19.8B in the text). In the process, NADH is oxidized back to NAD*, which can reenter the 
enzymatic cycle in step one, above. 


О NADH O OH А 
но С — — Сн; ' n HO— C—CH—CH, 1 
pyruvate lactic acid — 
| generated | 
Solutions to Additional Problems 
20.27 (a) (b) (c) (d) 
t о CH3CH;CH;CH:OH no reaction 
CH3;CH3CH;COCH;CH; CH,CH,CH;CO- Nat 1-butanol 
ethyl butvrate sodium butyrate 
(e) (f) (g) 
о о (CH,CH2CH:CH20 pCHCH 
Е || 
CH;,CH,CH,CCI CH3CH3;CH5COCH; acetaldehyde dibutyl acetal 
butyrvl chloride methyl butyrate 
(h) (i) 
о CH4iCH5CH5CH;Ph 
CH3CH35CH3CPh butylbenzene 
butyrophenone 
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2028 (a) (b) 


о 
PhCOCH, 


methyl benzoate 
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(c) 


СОН o 
PhCCI 


ni-nitrobenzoic acid 


20.29 The dicarboxylic acids with the formula C,H 904: 


НО-ССНь СОН 
hexanedioic acid 
(adipic acid) 
(1) 


HO,CCHCH;CH;CH; 
| 
COH 


2-propylpropanedioic acid 
(@-propylmalonic acid, 
propylmalonic acid) 
(4) 


HO.CCH,CHCH.CO,H 
a = ISTA 
3-methylpentanedioic acid 


(B-methylglutaric acid) 
(7) 


Compounds (2). (3), and (8) are chiral. Compounds (2), (3). (7), (8), (9). and (10) would readily form cyclic 


HO»CCH»CH»CHCH, 


СОН 
2-methvlpentanedioic acid 
(@-methylglutaric acid) 

(2) 


CH4 
HO4CCCO;H 
CH5CH; 
2-ethyl-2-methylpropanedioic acid 
(a-ethyl-a-methylmalonic acid, 
ethylmethylmalonic acid) 
(5) 


HO,CCHCHCO3H 
H,C CH, 


2,3-dimethylbutanedivic acid 
(a, B-dimethylsuccinic acid) 
(t) and meso 


(8) (9) 


benzoyl chloride 


(d) 


10] Oo 


| 
PhC —O—CPh 
benzoic anhvdride 


HO.CCH3CHCH>CH, 


COH 


2-ethylbutanedioic acid 
(&-ethvIsuccinic acid) 
(3) 


HO,CCHCH(CH; h 
COH 


2-isopropylpropanedioic acid 
(a-isopropylmalonic acid, 
isopropylmalonic acid) 


(6) 


CH3 
| 
HO;CCCH,CO;H 
єн, 


2,2-dimethylbutanedioic acid 
(a, a-dimethvlsuccinic acid) 


(10) 


679 


anhydrides on heating, because those anhydrides contain five- or six-membered rings. Compounds (4). (5). and 
(6) would readily decarboxylate on heating because they are malonic acid derivatives. 


20.30 (a) 


First calculate the number of moles of 0.1 44 NaOH required for the neutralization: 


mol NaOH = (0.100 mol NaOH L ')(8.61 x 10 ° L) = 8.61 x 10 * 


The same molar amount of the carboxylic acid must be present because one mole of NaOH is required to 
neutralize one mole of a monocarboxylic acid. The molecular mass is 


molecular mass of the acid = (100 x 1073 в) = (8.61 x 107 mol) = 116 g mor"! 


(b) First. calculate the number of millimoles of succinic acid (see Table 20.1. text p. 1006) in 100 mg of 


succinic acid: 


mmol succinic acid = 


118.10 mg succinic acid (mmol succinic acid) ' 


100 mg succinic acid 


= 0.847 


Using the facts that sodium hydroxide reacts with the carboxylic acid groups and that succinic acid has 
two dicarboxylic acid groups per molecule, calculate the millimoles of carboxylic acid groups present in 


the sample: 
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20.31 


20.32 


20.33 
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2 mmol carboxylic acid 


mmol carboxylic acid = х 0.847 mmol succinic acid = 1.69 


mmol succinic acid 
Finally, calculate the volume 0.1 M NaOH requircd for the neutralization: 


mL of NaOH = аон х x пога х 1.69 mmol of carboxylic acid =16.9 


0.1 mmol of NaOH I mmol of carboxylic acid 


In each case, the base reacts with acetic acid in a Brgnsted acid-base reaction to form the conjugate base of 
acetic acid (acetate ion) and a by-product. 
(a) 

O . | о 


CH,C—O—H “OCH; Na! — —9 СНС — 07 Nat + H—OCH 


(b) 
‚Ж Р о 
| „| é E 4 | ANS. 
СНС О-Н OH Cs —— — CH,C—O Cs + HO 
(c) 
ГҮ ЕЕ О 
li 44 |. 
CH;C— O H BrMy — CH CH, — —3» CH,C—O *MgBr + CH;CH, 
(d) 
| a О 
| * | AN А || E 
CHC- QOSH CH,—Li — » CHiC—O Li + CH, 
(e) 
v m O 
l| £3 X fs ы 
CH,C—O-—H NH,——® СНС O^ NH, 
(f) 
О EN ^^ оО 
* - \ ! А 
CHQ4C— O—H Н № ——3 CH,C—O Na + H> 
(g) 
O0 [6] 0 O0 
li Ге, "d \ T 


bicarbonate ion carbonic acid 


Only enough NaOH is present to ionize one of the carboxy groups. The question, then, is which if any of the 
carboxy groups is morc acidic. Because polar effects of substituents decrease with increasing distance of the 
substituents from the reaction center, the acid-strengthening polar effect of the chlorines has a greater effect on 
the carboxy group to which they are closer. Therefore, in the presence of one molar equivalent of NaOH. it is 
this carboxy group that is principally ionized. 


Q' Ll ü о CI 0 
5H > | n. 
O—C—C—CH,—C —OH «а HO —C —C —CH;—C —O 

| 
с! CI 
major species present little of this anion is present 


As the chain length becomes larger the distance between the two carboxy groups becomes greater. Because 
polar effects decrease with distance, the polar effect is negligible when the chain length is great. and the two 
pK, values are nearly equal. (However, they are not exactly equal; for an explanation, see the icon comment 
following the solution to Problem 3.51 on p. 65 of this manual.) 
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The trimethylammonium substituent in B has the greatest acid-strengthening polar effect because it carries a fuil 
positive charge. The methoxy substituent in А has a more modest acid-strengthening polar effect associated 
with the C=O bond dipole. The polar effect of a methyl group is negligible, and is slightly acid-weakening. 
Therefore, the order of increasing acidity (and therefore decreasing pK, is C <А < B. 


Carry out a calculation of pH using the dissociation-constant expression for each acid. (See Eq. 3.19, text p. 
101.) Let the concentration of the undissociated acid be 0.1 — x; the concentrations of both H,O* and CH,CO, 
are then x. 


IHO'JICHICH,O] x 
ICH,CO,H| 01-2 


K, 210 175 21,74 x 10? 


Because the dissociation constant of acetic acid is small, use the approximation that x is small compared with 
the amount of acetic acid present. 


(х)0.1 = 1.74 x 10? 
x 2|[H40*] = 1.32 x 10? 
-log x = pH = 2.88 


Thus. the pH is less than 3, and acetic acid therefore turns litmus paper red. 
An analogous calculation reveals that the pH of a 0.1 M solution of phenol (pK, = 9.95) is 5.48. Since this 
pH is greater than 3, а 0.1 M solution of phenol ("carholic acid") does not tum litmus paper red. 


(a) Consider the following equilibrium, in which AH is an acid. and S is the solvent: 


AH CR SERO AX o SH 


Suppose that AH is more acidic than *SH. Then this equilibrium lies to the right. and *SH, the conjugate 
acid of the solvent, is the major species present. That is. because AH cannot survive, the strongest acid 
that can exist is the conjugate acid of the solvent. 


(b) Use the result in part (a). When acetic acid is thc solvent, the most acidic specics that can exist is the 
conjugate acid of acetic acid (that is, protonated acetic acid: see structure in Eq. 20.8, text p. 1015, with 
R— = H,C—). which has a pK, of about —6 (Eq. 20.8). Table 3.1 on text p. 102 gives the pK, of HBr 
as —8 to —9.5. Consequently, the HBr-acetic acid system has an effective pK, of about —6. In aqueous 
solution, HBr is dissociated to give Н.О“, the conjugate acid of water. which has a pK, of -1.7; therefore 
the effective pK, of aqueous HBr is 21.7. Hence, HBr in acetic acid is far more acidic than HBr in water 
because of the greater acidity of the conjugate acid of acetic acid. the solvent. 


The proton and the 7 bond move hack and forth between the two oxygens so rapidly that the two oxygens retain 
their identities for only a tiny fraction of a second. The mechanism varies with the situation. In a solvent (for 
example. water) in which the acid readily dissociates, even to a small extent. the two oxygens in the conjugate- 
base carboxylate ion are equivalent and are protonated with essentially equal frequency; these reactions are very 
fast. (In the equations that follow. one of the oxygens is marked with an asterisk (*) so that its fate can be 
traced throughout the reaction.) 


o H,O o o0 O—H 


+ HiO* 


In solvents in which the carboxylic acid molecule cannot readily dissociate, protons can jump back and forth 
within a carboxylic acid hydrogen-bonded dimer (text p. 1010): 


‘oO 4H —O *O—H О 
// J »\ » 

R—C С ка — R—C C—R 
m / / NI / 
O—HY о о H—O* 
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20.38 


20.39 


(a) 
о о 
empeuton  ОСНЗСН2СН» Golvent) ен, CHCOCHSCHSCH 
iic H5SO, (catalyst) (Gig 2203 
isobutyric acid Al isobutyrat 
(2-methylpropanoic acid) „чл aa as 
(b) 
о о 
| СНОН (solvent). H9SO, catalyst 
(CH415CHCOH 3 (CH15CHCOCH, 


methyl isobutyrate 


(c) | Notice in this synthesis that two additional carbons must be added. Incorporate the strategy for a two- 
carbon chain extension of an alcohol shown in Study Problem 11.7 on text pp. 553-4. 


о D ШАҢ, сопс. НВг о 
|| 2) HO H3SO, Mg ›/\ 
(CH15CHCOH. —— — —9  (CH35CHCH350H E р (СНу»СНСНзВг са "a = nO” 
372 2) Оо 
2-methylpropanoic acid 
l) KMnO4. TOH о 
2) њо“ 


4-methylpentanoic acid 


(d) 
о о 1) benzene. AICI; 
п. 2Ho* LS 
(CH; bCHCOH ХОС wich, CHCC! sic NN њусн 


isobutyrophenone 
(2-methyl-1-phenyl-1-propanone) 


(e) In part (e) and (f). CrO4(pyridinc); is an alternative to pyridine chlorochromate (PCC). Either is correct. 


OH 
CrOx(pyridine)s D CHiMgl | CrOz( pyridine) 
(CH3)sCHCH,OH — — ——= (CH3)2)CHCH—O TW 2> (CHi5CHCHCH, : » 
2) 
prepared in part (c) : о 


(CH CHCCH4 
3-methyl-2-butanone 


(f) 


= + 
CrOx(pyridine)> СН» —РРћ» 
(CH35)CHCH50H — Sr (CH3);)CHCH— о LLL —É (CH3)4CHCH—CH; 
(Wittig reaction) ы = 


prepared in part (c) 3-methyl-1-butene 


Convert each enantiomer of 4-methylhexanoic acid into 3-methylhexane by any process that does not involve 
breaking a bond to the asymmetric carbon. Because each enantiomer of 4-methylhexanoic acid has known 
absolute configuration. the configuration of the corresponding enantiomer of 3-methylhexane will be 
determined. Suppose, for example, that (S)-4- methylhexanoic acid gives (-)-3-methylhexane. Then the two 


molecules should have corresponding configurations, and the configuration of (-)-3-methylhexane would then 
be S: 
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CH5CH5CO;H CH5CH;CH; 
4 | 
©... > 
Hf "es НИ «^ 
CHCH; CHCH} 
(S)-4-methylhexanoic acid (S)-3-methylhexane 


The following sequence of reactions would work for such a conversion: 


11 LiAlHy conc. HBr 
2) HO* | H,SO, 
CH;CH;CHCH3CH5CO4H. ———— CH;CH;CHCH;CH;CH;0H. ———— —»9 
CH, CH; 
Mg H,0* 
pi ar. ib di ether » CH VES d э CLE — » CH;,CH;CHCH;CH;CH, 
CH; CH; CH; 


20.40 (a) Тһе substitutive name of valproic acid is 2-propylpentanoic acid. 
(b) The common name of valproic acid is a-propylvaleric acid. 
(c)  Anumber of syntheses are possible. Here are two: 


Synthesis #1: 


О D СН.СН›СН„МуВг OH | 
2HQ0* 7 7 | СгОз‹рупатле!› 
CH,CH,CH,CH 7 x CH4CH;CH;CHCH;CH;CH, E e 


4-heptanol 
О 


- + CH; b BH /THF 
| H3C — PPh, || 2) H,0 NaOH 
CH4CHSCH;UCHSCHSCH 4 —————— в CH 4CHSCHSCCHSCHSCH, = 5» 
= 9 7 * 7" Wittig reaction) MORET a = 
CH;OH D KMnO4. ОН СОН 
, 2) H,0+ Le. 
CH4CH;CH;,CHCH;CH;CH,; >æ CH,CH;CH;CHCH;CH;CH,; 


valproic acid 


Synthesis #2: 


с—{/ `^ $О»С!, pyridine 


| tosyl chlorid 
CH4CH;CH3CHCH;CH;CH; EpL а — 
4-heptanol 


1) Mg. ether 


OTs Bi 2) CO, 
NaBr in DMSO EA eae) ү: ЖА 3) H,0* 
CH,CH.CH.CHCH,CH,CH, —— > CHC HC H35CHC н н»с H3 ———————— 
i 
CHiCH;CH;CHCH;CH3CH; 


valproic acid 


20.4] To confirm the labeling pattem, oxidize phenylacetic acid vigorously with KMnO, or other oxidizing agent that 
will convert it into benzoic acid. (С = '*C.) 


D KMnO}. OH. heat 


C 2 CHCOOH 2 цо; > C 2 COH + CO: 


If all the radiolabel of phenylacetic acid is at the carbonyl carbon, the product benzoic acid should be 
completely devoid of radioactivity. However, if there is labeling elsewhere, the fraction of radioactivity located 
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in carbons other than the carbonyl carbon is equal to the amount of radioactivity in the product benzoic acid 
divided by the total radioactivity in the starting phenylacctic acid. 


Use a method that does not involve loss of oxygen from benzoic acid. Thus, acid-catalyzed esterification 
should not be used. because, as Eq. 20.18c on text p. 1021 shows, this method results in cleavage of the bond 
between the carbonyl carbon and the carboxylate oxygen. Esterification with either diazomethane or methyl 
iodide and K,CO, would be the preferred method because, as the discussion in Sec. 20.8B. text p. 1023. shows. 
these methods do not involve loss of oxygen. (O* = '*O.) 


б» СНМ). cher or TES 7 all isotopic oxygen is retained 
l| © /— CHylacctone/K 3CO4 | * 
preferred method: Ph —C — OH f .- Ph —C—OCH, 
Oe О“ some isotopic oxygen 
-— l| * СНОН (solvent) || * M. is lost 
inferior method: Ph —C —OH » Ph —C —OCHi + Н.О 


H3804 (catalyst) 


Dissolve the mixture in a suitable solvent; since the company specializes in chlorinated organic compounds, 
methylene chioride might be readily available for the purpose. Extract with 5% NaHCO, solution. p-Chloro- 
benzoic acid is extracted as its conjugate-base anion into the aqueous layer. Acidification of the aqueous layer 
will give p-chlarobenzoic acid itself. Then extract the methylene chloride solution with 5% aqueous NaOH 
solution. p-Chlorophenol will be extracted into the aqueous layer as its conjugate-base . p-chlorophenolate 
anion: acidification will afford p-chlorophenol. The basis for this separation is Eq. 20.7 on text p. 1014. When 
the pK, of an acid is much lower than the pH of the solution. the acid is converted into its conjugate base: that 
15. the ratio of [RCO; ] to [RCO-H] is large. The pK, of p-chlorobenzaic acid. which is about 4 (see Table 20.2 
in the text), is much lower than the pH of aqueous sodium bicarhonate, which is about 8.5. Hence, p- 
chlorobenzoic acid is more than 99.99% ionized by the sodium bicarbonate solution. The pK, of p- 
chlorophenol, 9.4, is higher than the pH of aqueous sodium bicarbonate, and thus this phenol is nol appreciably 
ionized. However, the pK, of the phenol is much lower than the pH of 0.1 M aqueous NaOH solution, which is 
about 13; hence, the phenol is ionized by, and thus extracted into, this solution. 

Oncc the acid and the phenol are removed, evaporation of the methylene chloride gives a mixture of 4- 
chlorocyclohexanol and chlorocyclohexane. The boiling point of the alcohol is much higher because of 
hydrogen bonding; consequently, these two remaining substances can be separated by fractional distillation. 


The essence of this solution is to determine the ionization state of penicillin-G at the different pH values. The 
principles involved are discussed in sec. 20.4A, described by Eq. 20.7. Because penicillin G is a carboxylic 
acid. its pK, should be in the 3-5 range. Because the pH of blood, 7.4. is considerably higher than the pK, of 
the drug, penicillin-G is ionized in blood. Because the pH of stomach acid is lower than the pK, of penicillin-G, 
the penicillin is largely un-ionized in stomach acid. Because carboxylate ions are generally more soluble in 
aqueous solution than un-ionized carboxylic acids, penicillin-G is more soluble in blood than it is in stomach 
acid. 


(a) For this problem, let 
/ 


/ 


Ar = (CH; 5N e 


/, 


\ / 
The color of crystal violet is due to the overlap of the empty 2p orbital of the positively charged carbon 
with the 7 orbitals of the benzene ring. The bleaching is due to the reaction of the carbocation with 


hydroxide to form the alcohol. In the alcohol, there is no longer an empty 2p orbital; hence, the 
conjugation decreases and the color disappears. 


АгуС* ТОН  — —3» Ar,C — 0H 
crystal violet (colorless) 
(colored) 
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(b SDS. atypical detergent, forms micelles. Despite its charge, crystal violet is incorporated into the 
interior of the SDS micelles because the "greasy" benzene rings interact favorably with the "greasy" 
hydrocarbon tails of SDS. (Think of this as a solubility phenomenon: benzene is morc soluble in 
hydrocarbons than it is in water.) [n the interior of a micelle, crystal violet is no longer accessible to 
hydroxide ion. Because hydroxide is strongly solvated by water, hydroxide ion cannot easily enter the 
interior of the micelles. and therefore it cannot react with the entrapped crystal violet. The very slow 
reaction that does occur is probably due to hydroxide reacting with the very small amount of crystal 
violet in solution. 


20.46 (a) (b) (c) 


\ H © І \ A \ a \ 
= N о М, 1 о V " 
"d = | H aN 


m Á 
—. / 
aH J 


\ 
X meso- a,p-dimethylsuccinic anhydride 


20.47 Always remember that correct syntheses other than the one given may Бе possible. Be sure to ask your 
professor or teaching assistant if your synthesis differs from the one given and you are not sure whether it is 


correct. 
(a) 
D LiAIH; conc. HBr 
2) њо? H3SO, Mg 
CH3CH5CO3H 9 CHiCH;CH30H m Э» CH3CH;CH3Br a » 
propanoic acid OH 
1) CHCH =O 
CH,CH»CHsMgBr DH о? CH4CH5CH5CHCH; 
„з 2-pentanol 
(b) 
H». cat. D KMnO, OH 
H,C=CHCH,OH  ———3» CH:CH-CH OH > Hot CHiCH;CO4H 
~) N | 
alivl alcohol IKCO,. acetone О 
ie Á H3C —CHCH;Br — V 3» CH,CH,COCH,CH —CH- 


Acid-catalyzed esterification of propionic acid (prepared as shown above) with allyl alcohol 
=> could also be used, but this reaction would require an excess of allyl alcohol. 


(c) 
11 LiATH, conc. HBr 
ue. 2) HO : : H5SO, ы. А... Mg 
CH4(CH; 4CO4H. ——— —— 3 CHCH СНОН ——— —» CHCH hCH;Br — —» 
pentanoic acid 
1) CH; 5C =O OH 
2) H,0° | HBr 


CH4CH, 4CHSMgBr ——À— — — — 3» CH CH: 4CH3C(CH; h » 


Br MygBr 


* 


но 
* CHCH 4CH3CICH h — CH34(CH; HCH CHCH h 


M 
CHACH СНС С Ну» i 


2-methylheptane 
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(d) 
CH; COH COH 
1) KMnO,. OH. heat Q mem, 
2) њо“ HNO}, H 5S0, С Le 
— m-nitrobenzoic acid 
(e) 
1) LiAIH, 1) O—CHCHsPh 
PhCO4H 2u. pemon — 996 НВГ ue pec, Me >» PACU MgBr as 
benzoic acid 
PhCH —CHCHPh 2S a PhCH3CH CH4Ph 


(3-phenylpropvl)benzene 


Although the rigorously correct substitutive name for this compound is (3-phenylpropyl)- 
benzene. most chemists would call the product in part (е) | 3-diphenylpropane. 


(f) First, reduce the ketone to a hydroxyl group to form a 3-hydroxy acid. These compounds spontaneously 
cyclize to form cyclic esters. or lactones. See Sec. 20.8A in the text for a discussion of the reaction 
mechanism of esterification from alcohols and carboxylic acids. Although the general reaction is 
catalyzed (sped up) with an acid catalyst, the cyclization in the reaction below, which results in the 
formation of a five-membered ring, requires no catalyst because it proceeds at an appreciable rate on its 


own. 
0 H 
ы i = үя == њот yr? + њо 
о 
(g) 
\ COH 
1) Oi p. 
У j 2) њо». РЕ с OH — Е 
CO>H = 
COH 
cis-1,3-cyclopentanedicarboxylic acid 
th) 
HOCH35CH4OH mmi nox) 1) CO, о 
Р i НСІ (catalyst) у \ Mg Ae 2H0* cul 
Hy (C H3 4Br О. „О е” pet 3 pí Hài (CH; h&CO;5H 
X ; | 
5-bromo-2-pentanone He MT ніс“ “сњ AMgBr 5-oxohexanoic acid 
ü) 
1) CO, 
C,H, MgBr дњо“ 


Ph—C==C—H ——— —» Ph—C=CMger 
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(a) 


(b) 


SOLUTIONS TO PROBLEMS - CHAPTER 20 687 
Hy Ph CO;H 
Lindiar catalyst N e / 
Ph — С== C — CO;H Е PR 
H H 


cis-cinnamic acid 


The two different compounds are the diastereomers that result respectively from loss of each of the two 
carboxy groups from compound A. 


CI N CO-H G H 
p^ Ade. 
H v 


on H “ “COH 


The question is whether loss of the different carboxy groups gives rise to the same compound or to 
different compounds. Draw the two possible structures and determine whether they are different or 
identical. In fact. the two are identical: therefore. only one product is formed when compound В 
decarboxy lates. 


CO3H 


HC, н» НЗС. ^ CH3 
e 


The first ionization of squaric acid has the lower pK, just as the first ionization of a dicarboxylic acid has 
a lower pK, than the second. (For the reason, see the solution to Problem 20.7(b) on p. 487 of this 
manual.) 


Rotation 180^ about the dashed 
axis shows that these structure are congruent 
and are therefore identical. 


HO. OH HO. o7 -0 O7 
ү но : E H30 us ui^ 
— 2 — Do — 
pA. H,0* >, H,0° — 

7 NS ~ 2 NN E ies 2 NN 
f О  pK,-1 “A © pK,-35 Ф М, 


One reason for the greater acidity of squaric acid is the electron-withdrawing polar effect of the two 
carbonyl groups, which stabilizes the anions. Another reason for the greater acidity of squaric acid is the 
resonance stabilization of the conjugate-base anions that results from interaction of the unshared pairs on 
each of the oxygens with a carbonyl group. 


HO an 0S HO . о HO О 

NEL PS NL 
<> `> < > | | 

Z- N A % N 

4 `O 4 ) 19) Pa No 


In the conjugate hase of an enol, in contrast, the stabilizing polar effect of a carbonyl oxygen is not 
present, and the only resonance stabilization results from interaction of the electron pair with the double 
bond. 


rO кх, о 


И Р 7. iN /_ 
M < > C—C: 
Г. X^ -N 


conjugate base of an enol 
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(c) The reactions of squaric acid with a number of reagents are analogous to the corresponding reactions of 
carboxylic acids. Thus. reaction with SOCH, results in the formation of the “di-acid chloride" А; and 
reaction with ethanol and an acid catalyst results in formation of the "di-ester" B. 


CI С! CH,CH;0 OCH;CH; 


Er 
— == 
[ШЕ Чч 


5 N A 


О о О ^0 


20.50 (а) Тһе reagent involved is essentially a diazomethane molecule in which the hydrogens of diazomethane 
have been replaced by phenyl groups. Just as diazomcthanc forms mcthyl esters, this reagent forms a 


diphenylmethyl ester. 
о 


[0] 
— T e == ———. 
/ N ll | € 5 / x | ^i E] 
H4C —4 )—C—0—I CPh^ » HC )—C —O H—CPh5 » 
| \ Z ү \ / s 
NzN VN zN 
- + 
Ь о 
/ "X 
№ + НС, — )—C—OCHPh; 
NT // 


/ 


diphenylmethyl 4-methylbenzoate 


(b) The KOH converts benzoic acid into its conjugate-base benzoate anion, which is alkylated by benzyl 
chlonde to give benzyl benzoate. 


-— n ACI — о 
— | M: || 
| = | | 
7—07 К” + CHPh ——> ( .—OCH3Ph + K* Cr 
\ 7? В \ : 
potassium benzoate benzy! benzoate 


(c) Ethylene glycol is a dio] and the acid, terephthalic acid (1.4-benzenedicarboxylic acid), is a dicarboxylic 
acid. Each end of both the diacid and the diol can be esterified: the result is a polymeric ester. 
polyethylene terephthalate. You may be wearing some of this compound, which is known in the 
industrial world as polyester. 

/о =\ О N 
| \ 
| | ( C —OCH5CH5O } polyethylene terephthalate 
N / = = / "ste 
\ \ M / (polvester) 
` /n 

(d) This is an oxymercuration-reduction reaction in which acetic acid rather than water serves as the 

nucleophile that opens the mercurinium ion. (See the solution to Problem 5.35(c) on p. 136 of this 


manual.) 
iis. | 
Dua —CH; 
м. 


1-methylcvclohexy! acetate 
(e) The conjugate-base carboxylate of propionic acid acts as the nucleophile in a ring-opening reaction of the 
epoxide. Because the conditions are basic, reaction occurs at the less branched carbon of the epoxide. 
Note that KOH reacts much more rapidly with the acidic hydrogen of the acid than it does with the 
epoxide: because only one equivalent of KOH is present. reaction of hydroxide ion with the epoxide is 
not a competing reaction. 
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OH | 
H,C—CH —CH,—0- p! —CH3CH: 
2-hydroxy-|-propy! propanoale 
(B-hydroxypropyl propionate) 


(D This is an intramolecular variation of the esterification shown in Eq. 20.22. text p. 1023. In this case. 
potassium carbonate converts the carboxylic acid into its conjugate-base potassium carboxylate, which is 
then intramolecularly alkylated to form the cyclic ester (lactone). 


0 


о 
4 | | е о 
Bi -CH)CH)CH;CH; —C -0. К" — в Б] + K* Br 
> 


(g) Potassium carbonate converts both the carboxy group and the phenol —OH groups into their respective 
conjugate-base anions; these are all alkylated by dimethyl sulfate. 
OCH; 


H3C ~ Д - 


| | methyl 3,5-dimethoxv-4-methylbenzoate 
A — ~ * 
сњо" ce Os 


о 


(h) — Chlorosulfonation of chlorobenzene gives electrophilic aromatic substitution at the para position. (See 
Ед. 20.28a-b on text pp. 1025-6.) 


Рана О 
/ \ || 

CI <, VA S—Cl  p-chlorobenzenesulfonv! chloride 
\ 7 il 
4 [9] 


20.51 (a) The hint refers to the fact that organolithium reagents, like Grignard reagents, are strong bases and react 
instantaneously with carhoxylic acids to give their conjugate-base lithium carboxylate salts: 


о ^ [9] 
T EE 


Yu T I со» 
R—C—O—H H;C—Li ——»R-—C—O и" + CH, 


A second equivalent of organolithium reagent undergoes a carbonyl addition with the carbaxylate salt to 
give compound A, which is the conjugate-base di-anion of a ketone hydrate. Since compound A does not 
contain a good leaving group. it is stable until acid is added. Protonation forms the hydrate, which then 
decomposes to the ketone by the reverse of the mechanism shown for hydrate formation in Eqs. 19.20a-b 
on text p. 966. 


f ^ AN 
eo O Li [2 oL N [ғ 
Siet SH —OH; | H оН, 
R—C—O' Li » R—C—O Li 2 »R—C—OH —————» 
t | 
CHL CH; CH; 
A * OH: 
OH O 


^S | 
(see Eqs. 19.18a-b) R—C —CH, + ЊО 


OH, + R—C—OH 
| 
CH, 


(b) By analogy to the reaction discussed in part (a), the organic products are the ethyl ketone and ethane. 
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О О o 
a | ] 
i : 1) CHCHsLi C 
ЫР ЧАГУ" 3 2 "o" ~ 
ОН НЕНЫ oM amt CH;CH; 
— = За > — ГА -— 
CH, CH; CH; 


+ CH,CH, 


20.52 (a)  Orthoesters have the same relationship to esters that acetals have to ketones, and the hydrolysis 
mechanisms of both orthoesters and acetals are virtually identical. 


Е 
(нон, н gh x 
OH; 
quas eros 4 


CH3C — ОСН ——— сње- OCH; — —3» CH4C— OCH; ——— CH,C— OCH; ——— 
| 


OC3Hs OC;Hs OCH; ОСН 
+ Он; + HOCjH, 
он акма Он» Сон н jui он» | 
| 
CH,C— OCH; ——+ снус- ОС; — 3 СНуС —» СНС ОСН; 
| 3 | ` p^ 
OCH, OCH, OCH, £u. 
+ OH, + HOCiHs 


(b) Тһе mechanism is much like that for acetal formation, except that the carboxy group rather than a second 
alcohol molecule reacts with the a-alkoxy carbocation intermediate. (Recall that many intramolecular 
reactions that form small rings are faster than related intermolecular reactions: see Sec. 11.8A-B. text p. 


539.) 
+ 
р-р bn о, сњ 
H | HOCH, x 
^ CH C. = С 
3 CH, Ас» 
20 о » H HOCH; 
T ec GO 
| 
OH OH bu 
[3 
H—OCHs 
\ H 
HO CH; HO) CH; HC OCH, 
Nc с^ C 
ОСН; І ОСН; ao 0) 
— | —— нО. + | — 
C—O x cz? SS 5 29 
| | 
OH OH Сон 
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H.C OCH, H.C OCH, 
pp. an à ur E и 3 
— „© JIN, „© 
2 x 2 diis * : 
| о — | О + HOCH, 
м. 4 ` "R 
n oN C 
^ Hoc | 
wane BOCH, О 
^j 
M 


(c) Sulfuric acid protonatcs the alkene to give a carbocation. which is reacts with carbon monoxide to give 
an acylium ion (Eq. 16.23, text p. 808). This ion. in turn, reacts with water to give. after appropriate 
proton transfers. the carboxylic acid. 


^ Эң —OSO.H 


4. “Сй: ©, :бн, 
Сн 5C —CH; — hr CHC > (СНС —C =O: - 
"OSOH 
an acylium ion 
"SIT .. 
ноне л HO: 
+ 


| :OH é 
(CH —C 50: — 4m СНС —€—0: + Н ОН; 


.. 


(d) The pattern is much Ке that in the solution to part (c). except that acetic acid rather than carbon 
monoxide reacts with the carbocation intermediate. 
L) ` 
n *O—H OSO;H 
Я < ОН Ш 


г» Н — OSOH а eS == С 
\ . £C ppm о CH; 
PhC— CH; — — Ph;C—CH; З а PhyC—CH, — > 
TOSOH 
o 
gr d 


PhC—CHi + Н—О$О,Н 


(c) _ Acid-promoted opening of the epoxide gives a tertiary and benzylic carbocation, which decarboxylates to 
the enol. The enol then forms the aldehyde hy а mechanism like that shown in Eqs. 14.6a—b on text p. 


691. 
f^ 
| w 
ча = H сг 
| 
о о oe о 
/ \ E T 
Pn Ooan — m= -eg »- 
| 
CH4 CH; 
OM O нм, OH T о 
* x `_ со и ês- 
рп ССН С ЖОН СГ — 3» co, + HCI + Ph C —CH ERN. Ph E n 
= 
CH3 CH; CH; 
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The other C—O bond of the epoxide does not rupture instead because (1) the carbocation that 
would result is secondary. and (2) carbocations a to carbonyl groups are very unstable. (The 
latter point is considered in Chapter 22 in Eq. 22.37. on text p. 1118.) 


(f) The carbon of diazomethane acts as a nucleophile at the carbonyl carbon to form tetrahedral adduct 7. 
This intermediate has two fates. To give the major product, we show loss of № to give a primary 
carbocalion. which then rearranges. [n reality. the loss of dinitrogen and the rearrangement occur in a 
concerted manner, but the transition state undoubtedly has carbocation character. 


oo 0 RQ nd m о 
Af Nes s |-cu -NmN ~lt JL 
Г. 1CH—NEN > “ww p 
о» | — в | —»- | \ 
кесә E x --— s А> \ / 
+ N=N 


Alternatively, the carbocation can collapse with the anionic oxygen or, more likely. an internal "Sy2" 
reaction can take place within T itself. to give the minor product. 


^ A 
O + O o \ Га, о 
+ v ч — W 
—CH; СН) Jc Нн мам it “CH 
| | —» | | or | — | | + N=N 
| 
Set Se Na A We д 
T 


(g) The alkene reacts with iodine to form an iodium ion. analogous to bromonium ion formation discussed in 
Scc. 5.24. text p. 184. The -OH group of the carboxylic acid opens the iodium ion in an intramolecular 
nucleophilic attack, analogous to halohydrin formation discussed in Sec. 5.2B, text p. 186. 


The protonated imine nitrogen serves as an "electron sink" that accepts electrons from the departing 
carbon dioxide. What follows is the acid- mediated formation of a ketone from an imine, which is the 
reverse of imine formation from an amine and a ketone, discussed in Sec 19.11A, text p. 984. Note that 
the "proton transfer" steps are abbreviated in the mechanism below. 
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“iH “№ 7 :ӧњ 
" | 9... 2 1 I 
Mela mw њс2) “сн, H;C~ “он 
H^ *^H TH 
o 
pi l + со, + Ph—NH, + њо? 
HC ^ “Сн 


(b)  Atlow pH. the nitrogen is protonated. as in part (a), hut the carboxylic acid is also protonated. This form 
of the compound могі decarboxylate. 


чн o7 
| — won't decarboxylate 
нс“ “оњи No 


Ph 


At high pH, the carboxylic acid is deprotonated, but so is the nitrogen of the imine. Decarboxylation of 
this form would produce a very strong. unstable base. 


Ph 


AAP x 
ус E 
НС CH; о НС CH, 
very strong hase 
(c) The primary amine reacts with the ketone in acetoacetic acid to form an imine. as described in Sec. 
19.11A, text p. 984. The B-imino carboxylic acid decarhoxylates. and the catalyst amine is regenerated 
when the imine reacts with water via a mechanism that is the reverse of imine formation, as shown in 
part (a). 
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Ph. Ph > 
OH Uu? ЬЕ OH “йн 
| z> y. l + НО «= l | 
Hc^ "ch" *о еЗ 95 С^ OM 0 
acetoacetic acid 
Ph 
“М Mo О 
^ К, per. 2 
HIC "СН; 9С“ CH; A 
regenerated 
20.54 (a) 
ос CO; 
CH=N H HN H 
R! X R? 
| | 
H 
A 


(b) The positively charged nitrogen acts as an electron sink necessary for decarboxylation. 


| H CO; 
Al co; pent. 
o С N HN 

"tes № нё 


CH = № CH 
R! A R? T R! R? 
| i N 
NARI N^ “д? 
H H 
A X 


(c) The driving force for this reaction is the regeneration of aromaticity. You can check your answer by 
showing the product of the reaction of lysine with PLP, which also produces imine Y. as stated in the 
problem. 
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TE 
E dst im gir d 
N НМ N HN 
CHÍ + нс2 
R! t R? t = К, 
LAL bas 
N^ ^R N^ ^R 
H H 
X Y 


20.55 (а) The formation of phosphate suggests that it serves as a leaving group and that the reaction proceeds via 
solvolysis, as described in Sec. 9.6, text p. 418. 


о a 
| re 
-0—P— 0" 
| HC | leaving group leaves 


о 
о through solvolysis 
"E — Al + 70—Р—07 
[6] о + 
ОРР 


ОРР 


CH; 


isopentenyl pyrophosphate 


Because this is an EI-like mechanism. the stability of the carbocation intermediate has a direct effect on 
the rate of the reaction. The methyl group donates electron density through induction. stabilizing the 
electron-deficient carhon. The fluoromethyl group withdraws electron density due to the very 
electronegative fluorine atom, which destabilizes the electron-deficient carhon. Thus, the carhocation that 
results is much higher in energy and the reaction rate is slower. 


1 
t d 
О О 
l HC О carbocation stabilized; | HC 
TE LA solvolysis faster ^^ m эж. 
О ОРР = D Я ОРР 
[А] 
о 
| 
"0—P—0* Я 
0 | б 
| Here [e carbocation destabilized, | "c 


2 wu Е.а raakaan so ро де, 
0 ОРР "07 x OPP 


(b) The positively charged carbon is electron deficient and acts as an electron sink necessary for 
decarboxylation. 
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20.56 (a) Тһе even mass of the m/z = 74 ion shows that the ion is an odd-electron ion. McLafferty rearrangement 
is a common mechanism for formation of such ions in carbonyl compounds. (See Sec. 19.3E, text p. 


958.) 
"sm. mun | Е 
HC y 4 ну о: 
$ N е i [| 
HX hs с: ES ш не p 

1 Н.С “СН OH 
CH; d 

molecular ion 4 

m/z = 74 


(b) The molecular mass of benzoic acid is 122: therefore. the m/z = 105 peak in its mass spectrum represents 
a mass loss of 17 units, which corresponds to loss of an —OH group. This loss can occur by an a- 
cleavage mechanism. 


+ 
Hor :О+ 
Ph —C ——OH » Ph—C + *OH 
molecular ion m/z = 105 


The m/z = 77 peak corresponds to a phenyl cation. which can be lost by inductive cleavage at the other 
side of the carboxy group. 


1 


+ et oo 
e: “О: О: 


| | 
Ph —C—0H «&—» рь фон | ——» ра? + tc—on 


* 


| | m/z = 77 
molecular ion 


| You may recall thal aryl cations are very unstable. (See Fig. 18.2. text p. 884.) The high 
electron energies involved in mass spectroscopy enable the formation of such intermediates that 
would ordinarily not form in solution. 


20.57 (a) Тһе presence of two exchangeable hydrogens suggests that compound A is a dicarboxylic acid. The 
carbon NMR chemical shifts suggest the presence of a methyl group. a carbonyl group. and a carbon 
bound to a carbonyl group. Because compound А is a dicarhoxylic acid, each carbon NMR resonance 
must correspond to two carbons. Compound А is 2,3-dimethylbutanedioic acid; the fact that it can be 
resolved into enantiomers shows that it is the racemate rather than the meso diastereomer. 


но, CH; 


(+)-2,3-dimethylbutanedioic acid 
(compound A; 
one of two enantiomers) 


(b) The meso stereoisomer isomer would have 'H and IC NMR spectra that are almost identical to that of A. 
Because it is a diastercomer of A, it has a different melting point. 


H H 


/ N 
HO,C COH 


meso-2,3-dimethylbutanedioic acid 
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20.58 А hydrocarbon cannot have an odd mass; hence, the peak in the mass spectrum at m/z = 67 cannot be the 
molecular ion. Given that compound 8 is a dicarboxylic acid, compound A must contain a double bond within a 
ring. Calculate the number of moles of carboxy groups titrated as follows: 


moles of carboxy groups = (13.7 mL)(0.100 mol L (1.00 x 10? L~!) = 1.37 x 107! 


Noting that there are two carboxy groups per mole of B. we calculate the molecular mass of compound B as 
follows: 


(100 x 10: 3)(2.00 moles of carboxy groups/mole of B) 


E - - 146 g mol ! 
1.37 x I0 moles of carboxy groups 


molecular mass of В = 


From the following transformations, the atomic masses of the four oxygens introduced, and the molecular mass 
of compound B. the molecular mass of compound A can be deduced as follows: 


1) O30, 
—. „Н 2) H5106 = 
"als - 3) ApO COH 
\ |! ———» x= 146 ~ 64 = N2 
CO>H 
20. 2 
А В 
molecular mass = x molecular mass = х + 64 = 146 


If the molecular mass of compound А is 82, then the m/z = 67 peak in its mass spectrum corresponds to loss of 
15 mass units. which corresponds to the loss of a methyl group. Evidently, compounds A and B contain a ring 
with a methyl branch. This »ranch is positioned such that there are three allylic hydrogens (from the NMR 

integration data) and it is also positioned such that dicarboxylic acid B is chiral. Compound A is 3-methylcyc- 


lopentene. 
о 

1) 050, HC 

2) H5106 H3C 87 И 

З) А 20 COH | о 

à E „ heat 4. 
| pe em 
B 
Med edu 2-methylpentanedioic acid 


20.59 (а) Тһе 2300-3200 cm"! and 1710 cm“! absorptions clearly indicate a carboxylic acid. and this is confirmed 
by the б 11.7 absorption in the NMR. The NMR shows five aromatic protons; hence, there is a 
monosubstituted benzene ring. The two mutually split triplets indicate a partial structure —CH;CH;— 
We've accounted for all of the carbons and all of the unsaturation. However. what about the third 
oxygen? The chemical shift of the triplet at 6 4.1 shows that these protons must be adjacent to an oxygen. 
Hence, our part structure should be modified to —O—CH,CH,—. All that it left is to put the benzene 
ring at one end of the chain and the carboxy group at the other. This can be done in two ways: 


о о 
/ \ | / f N 


( —- OCH3CH5C — OH HO — € — OCH3CHs5- 
V 7 dio =e 4 


A B 
Only structure А is a stable compound. (Why can't B exist? See Eq. 20.43a on text p. 1031.) Structure A 
is the correct answer. 


(b) The IR spectrum indicates the presence of a carboxylic acid. and the NMR indicates the presence of an 
ethoxy group (—OCH;CH у) and a para-disubstituted benzene ring. The compound is 4-ethoxybenzoic 
acid. 


HOC 4 ? —OCHoCH;  4-ethoxybenzoic acid 


\ 
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20.60 


(c) The IR spectrum indicates a carboxylic acid; the carbonyl absorption indicates that the carbonyl could be 
conjugated, and this is consistent with the UV absorption. The IR also shows rrans-alkene absorption at 
981 cm '. Let's now use the mass spectrum to sce how much mass remains after subtracting the masses 
of the structural features we just deduced: 114 — 45 (carboxy group) – 13 (alkene CH) — 13 (alkene CH) 
= 43. A mass of 43 units is characteristic of a propyl group or an isopropyl group. А propyl group 
(CH4CH;CH.—) would require a three-proton methyl triplet; this is observed at about 6 1. An isopropyl 
group would require a six-proton methyl doublet: this is not observed. The resonances at à 1.5 and ó2.1 
could be the remaining protons of a propyl group. All the data are consistent with the following 
structure: 


CH4CH;CH; | H 


с=( (E)-2-hexenoic acid 
H CO;H 


(You should account for the remaining splitting that was not discussed above.) 


The titration data suggest that compound А is both a carboxylic acid and a phenol. and the IR spectrum shows 
both —OH and carbonyl absorptions. The change in the UV spectrum at high pH is also consistent with the 
presence of a group that ionizes at high pH and is conjugated with a benzene ring, namely, the phenolic —OH 
group. The resonances near ё 7 indicate a para-disubstituted benzene ring. The two triplets at 6 2.4 and 8 2.7 
integrates for four hydrogens: and they indicate a partial structure —CH;CH;— . Add the masses of the groups 
known to be present: the para-disubstituted benzene ring (76 units). the phenol —OH group (17 units), the 
carboxy group (45 units), and the —CH;CH.;— group (28 units), and we have accounted for the m/z = 166 peak 
in the mass spectrum as the molecular ion. Compound A is 3-(4-hydroxyphenyl)propanoic acid. 


HO —. —CH3CH3CO;H — 3-(4-hydroxy phenyDpropanoic acid 
(compound A) 
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Carboxylic Acid Derivatives 


STUDY GUIDE LINKS 


21.1 Solving Structure Problems Involving Nitrogen-Containing 
Compounds 


Amides and nitriles are the first nitrogen-containing functional groups that are corsidered in the 
text. When you solve structure problems you should remember certain things about compounds 
that contain nitrogen. First. a compound that contains an odd number of nitrogen atoms has an odd 
molecular mass. (If you studied mass spectrometry (Chapter 12). you will appreciate that this 
means that the parent ion in the mass spectrum of such a compound will occur at an odd m/z 
value.) Second. the special formula given below (see also Eq. 4.7 on text p. 144) is used to 
calculate the unsaturation number U of a compound containing nitrogen. If C is the number of 
carbons, H is the number of hydrogens, X is the number of halogens, and N is the number of 
nitrogens, then U is given by 


, QC *21* N - (H * X) 
2 


U 


The implication of this formula is that every nitrogen increases the number of hydrogens in a fully 
saturated molecule by one relative to the number of hydrogens in the corresponding hydrocarbon. 
Finally. when a compound contains nitragen, you can't tell whether an ion in its mass spectrum is 
an odd-electron ion or an even-clectron ion simply by its mass, because the number of nitrogens in 
the ion determines whether its mass is odd or even. When a compound contains zero or an even 
number of nitrogens, odd-electron ions have odd masses; when a compound contains an odd 
number of nitrogens, odd-electron ions have even masses. 
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LT 21.2 Basicity of Nitriles 


Let's place the basicity of nitriles within the context of other basicities that you've studied. 
Consider the following series: 


increasing s character in lone-pair orbital ——————— 
UL. sp 
: sp? \ T 
conjugate bases: aC. e С —NH —CzcN; 
7 NH, / 
À 
-H* | |+ u* н? | |+H* -H* | -- н? 
| * | 
conjugate acids: wily + C =NH} —C=NH 
РА NH; / 
рКа 10 pKa* 3 pK4*-10 


Notice that, as the amount of s character in the lone-pair orbital of the conjugate base increases, 
the pK, of the conjugate acid decreases. Although the pK, values are much different, this is exactly 
the same trend observed in the acidities of hydrocarbons (Sec. 14.7A, text pp. 698): 


increasing s character in lone-pair orbital —— » 
As №70" v 
conjugate bases: „C: sp? C— CH —С==С: 
A | А 
-H' 4H* -н* ү -н*||+н* 
Y Y 
conjugate acids: „C—H C—CH; C —CH 
pK, = 55—60 pk, = 42 pK, = 25 


In other words. just as an acetylenic anion. with its lone pair in an sp orbital, is the least basic 
hydrocarbon anion. a nitrile, also with a lone pair in an sp orbital, is the least basic among the 
analogous series of nitrogen compounds. 


LT 21.3 Mechanism of Ester Hydrolysis 


Some students try to combine the features of the acid-catalyzed hydrolysis and saponification 
reactions by using strong acid to protonate the carbonyl oxygen and hydroxide to act as the 
nucleophile. 
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Implicit in such a scheme is the incorrect notion that when the base is added to the acidic solution, 
the carbonyl oxygen of the ester would remain protonated and thal all hydronium ions would not 
dissociate. Hawever. both protonated esters and hydronium ions are strong acids. Remember: the 
deprotonation of strong acids by strong bases is instantaneous. (See Study Guide Link 20.1 on p. 
659 of this manual.) The very first event that would occur on addition of base to the solution 
would be deprotonation of the protonated carbonyl! oxygen and rapid neutralization of the acid 
(H4O*) in solution. The nucleophilic reaction of OH on the ester carbonyl carbon is a much 
slower reaction. All of the hydronium ions in solution would react with the hydroxide ion before 
hydroxide could react to a significant extent at the carbonyl carbon. 

Remember: in mechanisms. an acid and its conjugate base act in tandem. If H5O* is the acid. 
Н.О should be used as the base (and the nucleophile). If OH is the base (or nucleophile), Н.О 
should be used as the acid. 


21.4 Another Look at the Friedel-Crafts Reaction 


The Friedel-Crafts acylation reaction is first classified in the text as an electrophilic aromatic 
substitution reaction (Sec. 16.4F on text p. 808). because the reaction is first considered as a 
reaction of benzene derivatives. However. in terms of what happens to the acid chloride, the 
reaction can also be viewed as a nucleophilic acyl substitution reaction. 


О 1) АС, 0 


| + 
C 2^ + ось =. C 2-579 + HCl 


If the Friedel-Crafts acylation is considered to be a nucleophilic acy] substitution reaction. the 
nucleophilic electrons are the 7 electrons of the aromatic ring. Because benzene and its derivatives 
are very weak nucleophiles, a strong Lewis acid such as AICI]; is required to activate the acid 
chloride. Review again the mechanism of Friedel-Crafts acylation (Eq. 16.23 and 16.24 on text p. 
809). paying particular attention to what happens to the acid chloride. 


21.5 Esters and Nucleophiles 


Notice that most esters of carboxylic acids react with nucleophiles at the carbonyl carbon— that is, 
they undergo nucleophilic acyl substitution reactions. The result is that the bond between the 
carbonyl group and the ester oxygen—the acyí-oxygen bond—is cleaved. (Further Exploration 
21.2 discusses one exception to this generalization.) 
cleavage occurs at the 
acyl-oxygen bond 
‹ о 


R—C-2-OCH, + OH — —»R—C—O' + CHOH 


Esters of sulfonic acids react in a fundamentally different manner. These reactions are presented in 
Sec. 10.1A (text pp. 465—468), where the focus is on the sulfonate ester groups acting essentially 
as equivalents of halide leaving groups. As the discussion in the text shows. most sulfonate esters 
react with nucleophiles not by the reaction of the nucleophile at the sulfur. but by Sy2 reaction of 
the nucleophile on the afky/ group (if the alkyl group is primary or secondary): in such a reaction. 
the bond between the alkyl group and the ester oxygen is cleaved. (See Eq. 10.26 on text p. 467.) 


cleavage occurs at the 
alkyl-axygen bond 


о 
i 52 
R—S —O CH, + OH ——» s —O + CH40H 


[| 5 
© : о 
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You may have noticed that we are returning with increasing frequency to earlier parts of the 
text and looking at reactions you've studied carlicr in somewhat different contexts. If you 
willingly participate in this type of exercise. you'll gain a lot of insight about organic chemistry. In 
particular. you'll see how the parts begin to "fit together." that is, you'll hegin to see the "forest" 
and not just the individual “trees.” 


FURTHER EXPLORATIONS 


21.1 NMR Evidence for Internal Rotation in Amides 


Internal rotation about the carbonyl-nitrogen bond of amides can be conveniently studied by NMR 
using the principles discussed in Sec. 13.8 on p. 653 of the text. Consider. for example. internal 
rotation in V.N-dimethylacetamide: 
о 
[ ' 
ніс ~net | 
CH3 


these methyl groups are diastereotopic 
| and hence chemically nonequivalent 


The N-methyl groups in this compound are diastereotopic; one is cis to the carbonyl! oxygen. and 
the other is trans. At low temperature, rotation about the C—N bond is slow enough that these 
methyl groups are observed as separate singlets in the NMR spectrum. However. when the 
temperature is raised. these signals broaden and. at about 60 °С. they coalesce into one singlet at a 
chemical shift that is the average of the two individual methyl chemical shifts. This is illustrated in 
Fig. 5621.1 on the following page. 


21.2 Cleavage of Tertiary Esters and Carbonless Carbon Paper 


The hydrolysis of tertiary esters has some noteworthy differences from the hydrolysis of other 
esters discussed in Sec. 21.7A. First, the saponification of tertiary esters is considerably slower 
than that of primary and secondary esters. For example, the saponification of tert-butyl acetate 
occurs at about 0.01 times the rate of the saponification of methyl acetate. The reason is that in the 
transition state for saponification, the methyl branches in the fert-buty] group are involved in van 
der Waals repulsions with the hydroxide nucleophile as it approaches the carbonyl carbon. A 
practical consequence of this rate difference is that a methyl or ethyl ester can generally be 
saponified without affecting a tert-butyl ester in the same molecule. 


о о NaOH о 


— о 
] X d (1 equiv.) I РЕТ 
(CH; 4CO—C N ү C —OCH; eot C—O Ма + HOCH; 
4 


tertiary ester methyl ester is 
is not hydrolyzed hydrolyzed 
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The two N-methyl resonances 


are averaged to one 


by rapid internal rotation 


+95 °С, k = 598 ! 
Om +58 °C, k = 24.1 s” 
+52 °С, k= 19.8 5" 


\ / +6 °С, k= 1.455! 


= 
E 
< 
œx 
tad 
б. 
2 
Z 
"4 
+ 
x 
7 


4 3 2 1 0 
ô, ppm 


Figure 5621.1 The 60 MHz NMR spectrum of A.N-dimethylacetamide changes with increasing temperature as the 
rate of rotation about the carbonyl-nitrogen bond increases. The full spectrum of this compound Is shown in the 
lower рап of the figure, and the pair of singlets near â 2.9 (173.3 Hz) is expanded in the upper part of the figure and 
shown as a function of temperature. The two N-methyl groups are individually observable at temperatures at or 
below 52" (lower two spectra) because internal rotation about the carbonyl-nitrogen bond is relatively slow at 
these temperatures. As the temperature is raised, the two resonances broaden and coalesce into one because the 
internal rotation beccmes тоо rapid for the NMR experiment to resolve the individual lines (See Fig. 13.21 on text p 
655 for a related phenomenon.) The k values are the first-order rate constants for internal rotation; а k of 1.45 57! 
corresponds to an approximate lifetime of 0.5 s for the individual conformations. 


A second difference is that the acid-catalyzed hydrolysis of tertiary esters occurs by a mechanism 
that is completely different from that of primary and secondary esters. The first step in the 
hydrolysis mechanism is the same—protonation of the carbonyl oxygen. But there the similarity 
ends. The protonated ester dissociates by an Sp! mechanism into a tertiary carbocation and the 
carboxylic acid. 
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alkyl-oxygen 
bond cleavage 


eH / а 
e» { сн, н CH3 
| - Р, | 5м! | 
R —C *-0 —C —CH; —» R—C—O +tC—CH, 
єн, CH, 
a protonated ester a tertiary carbocation 


The Lewis acid-base association of water (or any other nucleophile that might be present) occurs 
at the tertiary carbocation. 


Я CH3 CH, CH; 
ef ^ч d .. А 
H30; "Ссил ” H m C —CH;i =< » HO + > 2 H30 
CH, эн CH; CH, 
H20: 


Notice that hydrolysis of tertiary esters by this mechanism involves breaking the alkyl-oxygen 
bond. In contrast, the mechanism of hydrolysis of primary and secondary esters involves breaking 
the carbonvl—oxygen bond. Consequently. the hydrolysis of tertiary esters is not a nucleophilic 
acyl substitution reaction. Rather. it is more like the Syl mechanism for substitution of a tertiary 
alcohol (sce Eqs. 10.20b-c on text p. 463). Esters of primary and secondary alcohols in most cases 
do not cleave Бу an $41 mechanism because the carbocation intermediates that would be involved 
are much less stable. 

"Carbonless carbon paper" (sometimes called NCR paper. for "No Carbon Required") is a 
very ingenious commercial application of tertiary ester cleavage as applied to lactones. The active 
component in “carbonless carbon paper" is the colorless lactone A, which is encapsulated within 
microscopic particles of a phenol-formaldehyde resin (Sec. 19.15 on text p. 995) and deposiled on 
a paper base that also contains an acidic layer. When the particles are broken by the pressure of a 
pen or typewriter, the lactone is brought into contact with the acidic layer. This causes an SyI-like 
opening of the lactone ring to give a relatively stable carbocation B. This carbocation has a bluc- 
violet color. 


+H 
О; :0 
i Cn 
Pd ‚С 
о о 
ee - \ m H* өө \ YN m 
(CH4)5N v C N(CH3) 4 ) (CH4)9N Є МСН) ——» 


N(CH3)> 


A (colorless) 
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B (blue-violet) МСН) 


It takes some time for color to develop because the reaction is not instantancous. As you may 
know from experience, the color in carbonless carbon paper intensifies with time. 


21.3 Reaction of Tertiary Amines with Acid Chlorides 


Tertiary amines react with acid chlorides to form acylammonium salts. 


о 


о 
| / || +4 
R—C—Cl + N \ ——p R—C—N N Ci 
— Nees 


pyridine an acylammonium salt 
(a tertiary amine) 


Acylammonium salts. because of their positive charge adjacent to the carbonyl carbon, are very 
reactive and are converted into amides by reaction with primary or secondary amines. 


о 


E +Z N 6 | +// \ 
R—C—N CI + НМЕ — —R —C—NHR + HN cr 


pyridinium chloride 
(the НСІ salt of pyridine) 


If the acid chloride has acidic a-hydrogens, another possible reaction is the formation of a 
ketene by а B-elimination: 


і * 
Ad >» R—CH —C—O + Н МК СГ 
н а ketene 
a 


Ketenes also react rapidly with primary and secondary amines to yield amides. 

Despite these side reactions, then, tertiary amines can be used as catalysts for amide formation 
with primary and secondary amines because the products of these side reactions—acylammonium 
salts and ketenes— themselves react with amines to form amides. 
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REACTION REVIEW 


1. HYDROLYSIS OF CARBOXYLIC ACID DERIVATIVES 


A. HYDROLYSIS OF ACID CHLORIDES AND ANHYDRIDES 


1. Acid chlorides and anhydrides react rapidly with water. even in the absence of acids or bases. 
2. The hydrolysis reactions of acid chlorides and anhydrides are almost never used for the preparation of 
carboxylic acids because these derivatives are themselves usually prepared from acids. 


о о 
но | 

R—C—ci ^ * g—C—OB + нс 
Oo o о 
| | H,0 

R—C—O—C-—R > 3 R—C—OH 

B. BASIC HYDROLYSIS (SAPONIFICATION) OF ESTERS AND LACTONES 
1. Esters hydrolyze in aqueous hydroxide. 
о о 
R—C—OR + OH - > R—C€C—0 + HOR 
an ester а carboxvlate атап 


2. This process is called saponification: the term saponification is sometimes used to refer to hydrolysis in 
base of any acid derivative. 
3. The mechanism of ester saponification involves: 
a. The nucleophilic reaction of hydroxide anion at the carbonyl carbon to give a tetrahedral addition 
intermediate from which an alkoxide ion is expelled. 
b. The alkoxide ion thus formed reacts with the carboxylic acid to give the carboxylate salt and the 


alcohol. 
{ -OH HO. Jo ? f 
= ae 
Ка == G ——— We & *70Ёй S _c_ + HOR 
R^ "OR \ g^ Won \ R^ “он R Хо 


[addition] ir ai elimination, 
intermediate 

4. The equilibrium in this reaction lies far to the right because the carboxylic acid is a much stronger acid than 
the liberated alcohol: saponification is effectively irreversible. 

5. Many esters can be saponified with just one equivalent of OH. although an excess of OH is often used as 
a matter of convenience. 

6. Saponification converts a lactone completely into the salt of the corresponding hydroxy acid: upon 
acidification, the hydroxy acid forms. 


Qx- ON | cs = B n T но? О бн 
0—C —CH;—CH;—CH —CH, ———в HO—C—CH;—CH;—CH —CH,; 

a. Ifa hydroxy acid is allowed to stand in acidic solution, it comes to equilibrium with the corresponding 
lactone. This reaction is an acid-catalyzed, intramolecular esterification. 

b. Lactones containing five- and six-membered rings are favored at equilibrium over their corresponding 
hydroxy acids; those with ring sizes smaller than five or larger than six are less stable than their 
corresponding hydroxy acids. 

7. Ester and lactone saponifications are examples of acyl substitution. 
a. The mechanisms of these reactions are classified as nucleophilic acyl substitution mechanisms. 
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b. Ina nucleophilic асу] substitution reaction. the substituting group reacts at the carbonyl carbon as a 
nucleophile, and a leaving group (another base) departs, usually in a separate step. 


C. ACID-CATALYZED HYDROLYSIS CF ESTERS 


4. 


Esters can be hydrolyzed to carboxylic acids in aqueous solutions of strong acids; in most cases this 
reaction is slower than base-promoted hydrolysis and must be carried out with an excess of water (in which 
esters are insoluble). 


€ + HO c + НОЕ 
R OR R OH 
By the principle of microscopic reversibility, the mechanism of acid-catalyzed hydrolysis is the exact 


reverse of acid-catalyzed esterification. 

a. The ester is first protonated by the acid catalyst: protonation makes the carbonyl carbon more 
electrophilic by making the carbonyl oxygen a better acceptor of electrons. 

b. Water, as the nucleophile. reacts as a nucleophile at the carbonyl carbon and then loses a proton to give 
the tetrahedral intermediate. 

c. Protonation of the leaving oxygen converts it into a better leaving group. 

d. Loss of the protonated leaving group gives a protonated carboxylic acid. from which a proton is 
removed to give the carboxylic acid itself. 


AN 
+ D 
ss o. C on OH OH |? 
if >H ОН» S| | | /——H-—-0H» 
C È- X. DE R—C-—9R zx R—C—OR' E 
OR R 1 OR Он. | 
Са HO- H OH 
2 P’ tetrahedral 
addition intermediate 
OHH он, о ~H“™ он, о 
к—С- ОК - c We а> С. + H,0° 
Б R^* OH HOR R oH 
OH 


Saponification, followed by acidification, is a much more convenient method for hydrolysis of most esters 
than acid-catalyzed hydrolysis because— 

a. itis faster. 

b. it is irreversible. 

c. it can be carried out not only in water but also in a variety of solvents. even in alcohols. 

Ester hydrolysis is another example of nucleophilic acyl substitution. 


D. HYDRO! YSIS OF AMIDES 


2. 


Amides can be hydrolyzed to carboxylic acids and ammonia or amines by heating them in acidic or basic 
solution. 


О 
н.о“ | A 
о m~~ R—C—OH + HjNRR 
|| 
HO + R—C—NRR ap о 
“OH JETER 
—» R—C-—O + HNRR: 


In acid. protonation of the ammonia or amine by-product drives the hydrolysis equilibrium to completion; 
the amine can be isolated. if desired. by addition of base to the reaction mixture following hydrolysis. 


yet x 
Q- (^4, ( OH OH OH | 
i “н TOM e 7 Д x» R—C—NH » рс а E » 
гс. “С. —C—NH —C—NH) 
R^ NH, = R^1 мн, | аи = = 
CoH HO- H 2 OH 
Е à tetrahedral 


addition intermediate 
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өн Н он, очне NH, о 
| - ay * + 
R—C-+NH a» „С Spe o4 * NH, 
NE E R * OH R OH 
OH 


3. Hydrolysis of amides in base is analogous to saponification of esters; the reaction is driven to completion 
by formation of the carboxylic acid salt. 
4. The conditions of both acid- and base-promoted amide hydrolysis are considerably more severe than the 
corresponding reactions of esters. 
5. The mechanisms of amide hydrolysis are typical nucleophilic acyl substitution mechanisms. 
E. HYDROLYSIS OF NITRILES 
1. Nitriles are hydrolyzed to carboxylic acids and ammonia by heating them in acidic or basic solution. 
Oo 
ll 


H,0* 


+ 
R—C—OH + NH, 


HO + R-C=N о 
ОН y gR—C—O + NH, 
2. The conditions of nitrile hydrolysis are considerably more severe than the corresponding reactions of esters 
and amides. 
3. The mechanism of nitrile hydrolysis in acidic solution involves: 
a. protonation of the nitrogen, which makes the nitrile carbon more electrophilic. 
b. reaction of the nucleophile water at the nitrile carbon and loss of a proton, which give an intermediate 
called an imidic acid, the nitrogen analog of an enol. 
c. conversion of the unstable imidic acid under the reaction conditions into an amide. 
d. hydrolysis of the amide to a carboxylic acid and ammonium ion. (See Eqs. 21.20a-c on text р 1066 for 
the detailed mechanism.) 


P HO Q t 
| H40'H40 Not [| H30* H0 А 
К (—N === C=NH; » PR. ————, > » С + NH, 
z R^ “мн, \ R^ “он 


— 
| addition рае | amide hydrolysis 


4. In base. the nitrile group reacts with basic nucleaphiles at the nitrile carbon and. as a result, the 
electronegative nitrogen assumes a negative charge. 
a. Proton transfer gives an imidic acid, which ianizes in basc. 
b. The imidic acid reacts further to give the corresponding amide, which in turn. hydrolyzes under the 
reaction conditions to the carboxylate salt of the corresponding carboxylic acid. (See Eqs. 21.21a-b on 
text p. 1067 for the detailed mechanism.) 


o 
"OH/H.O \ OHHO 
R—C=N — ———— —» CN —» i — —— — 


Y. M d R “мн, | R 
| addition) coniugate base of E 
——— an imidic acid 


5. The hydrolysis of nitriles is a useful way to prepare carboxylic acids because nitriles, unlike many other 
carboxylic acid derivatives, are generally synthesized from compounds other than the acids themselves. 
such as alkyl halides and sulfonates. 

“e= 


hydroly м5 _ 
— = 


R—HB P» к—С==М R— COH 


(1. REACTIONS OF CARBOXYLIC ACID DERIVATIVES WITH ALCOHOLS 


A. REACTION OF ACID CHLORIDES AND ANHYDRIDES WITH ALCOHOLS AND PHENOLS 


1. Esters are formed rapidly when acid chlorides react with alcohols or phenols, usually in the presence of a 
tertiary amine such as pyridine, or a related hase. 
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HO OR iz cr 
? HOR Neu " ў м 
C mom а „©. j N P =н 
B^ "e mee m "Xi | R^ “ов Ж; 
ошожо proton transfer pyridinium chloride 
addition] емы and elimination 
2. Esters of tertiary alcohols and phenols, which cannot be prepared by acid-catalyzed esterification, can be 


prepared by this method. 
3. Anhydrides react with alcohols and phenols in much the same way as acid chlorides, Cyclic anhydrides 


react with alcohols and phenols to give half-esters, 


Dm it | 
| | 
R-—C-—0-—C-—R + HOR’ ——39» R—O-—ON' + :-BO-—C-——R 
су о 
T li 
C. 
OR 
| © + HOR —» 
_OH 
C 
H 
о О 
а cyclic anhydride a half-ester 


4. Sulfonate esters are prepared by the analogous reactions of sulfonyl chlorides with alcohols. 


B. REACTION OF ESTERS WITH ALCOHOLS 
]. When an ester reacts with an alcohol under acidic conditions, or with an alkoxide under basic conditions, à 


new ester is formed. 
o HOCH3CH; D 
|| Н.О” (саг) |] 
P X———— „с. Жас. 
R OCH, R OCH3;CH; 


2. This type of reaction, called transesterification. typically has an equilibrium constant near unity. 
3. The reaction is driven to completion by the use of an excess of the displacing alcohol or by removal of a 
relatively volatile alcohol by-product as it is formed. 


Ill. REACTIONS OF CARBOXYLIC ACID DERIVATIVES WITH AMINES 


А, REACTION OF ACID CHLORIDES AND ANHYDRIDES WITH AMMONIA AND AMINES 


|. Acid chlorides react rapidly and irreversibly with ammonia or amines by a nucleophilic acyl substitution 
reaction mechanism to give amides. 
à. Reaction with ammonia yields a primary amide. 
b. Reaction with a primary amine yields a secondary amide. 
c. Reaction with a secondary amine yields a tertiary amide. 
( 
2 NH, 1 
c 


* 
= R NH; + NH, C 


о 


2 КН, il E 
КСС —}——== RCNH + Н,ХЕ CI 


РАК if 
КОМН. Q0— C— NR; + HÅR, СГ 
2. The amine reacts as a nucleophile at the carbonyl group to form a tetrahedral intermediate, which expels 
chloride ion; a proton-transfer step yields the amide. 
а. Animportant aspect of amide formation is the proton transfer in the last step of the mechanism. 
b. Unless another base is added to the reaction mixture, the starting amine acts as the base in this step; if 
the only base present is the amine nucleophile, then at least two equivalents must be used: 
i. one equivalent as the nucleophile. 
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ii. one equivalent as the base in the final proton-transfer step. 


f комн „ХН; K R NH . 
C + R»5NH> CI 
R ae с | R^ AD в, 2" 
Ji y a me 
TE MP ERES 
[ addition| addition s~- 
intermediate 


3. In the Schotten-Baumann technique for amide formation. the reaction is run with a water-insoluble acid 
chloride and an amine in a separate layer over an aqueous solution of NaOH. The NaOH neutralizes HCI 
produced as a by-product of the reaction. 

4. A tertiary amine such as pyridine can be used as the second amine equivalent. The presence of a tertiary 
amine does not interfere with amide formation because a tertiary amine itself cannot form an amide. 

5. Anhydrides react with amines in much the same way as acid chlorides. 

Oo о о 
|| || lI [| 
R—C—O—C—R + HNRR -—» R—C—NRR + HO—C—R 

a. Half-amides of dicarboxylic acids are produced in analogous reactions of amines and cyclic anhydrides. 

b. These compounds can be cyclized to imides by treatment with dehydrating agents, or in some cases, 
simply by heating. 


o о o 
T] |1 fj 
il „С ч Al 
TN NHR heat ih. 
[ О + WNR — > | NR. + H,O 
ы” V 0H ~ 
\ fi \ 
о О (9) 
i cyclic anhydride a halt-amide a cyclic imide 


B. REACTION OF ESTERS WITH AMINES 
1. The reaction of an ester with ammonia or amines yields an amide. 


[9] ч о 
|| HNR^ um s | 
— 


R ов | R NR; 


tetrahedral Б | 
addition addition elimination 
intermediate 
2. The reaction of esters with hydroxylamine (NHOH) gives N-hydroxyamides: these compounds are known 
as hydroxamic acids. 
a. This chemistry forms the basis for the hydroxamate test, used mostly for esters. 
b. The hydroxamic acid products are easily recognized because they form highly colored complexes with 
ferric ion. 


5% FeCl: : 
ies C» bright color 


R ^NH — OH 
a hydroxamic acid 


IV. REDUCTION OF CARBOXYLIC ACID DERIVATIVES 


A. REDUCTION OF ACID CHLORIDES TO ALDEHYDES AND ALCOHOLS 


1. Acid chlorides can be reduced to aldehydes by either of two procedures: 
a. Hydrogenation over a catalyst that has been deactivated, or poisoned, with an amine, such as quinoline, 
that has been heated with sulfur. 
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) € 
‹ н, J 
© С 
uS Pd/C ass 
СШ deme «OR 


i. This reaction is called the Rosenmund reduction. 
ii. The poisoning of the catalyst prevents further reduction of the aldehyde product. 
Reaction at low temperature with lithium tri(fert-butoxy aluminum hydride. 


KCH CO ЦАН Li* 
lithium tri(tert-butoxv)- 
о - -— о 
j aluminum hydride _ liio sCOlAT— Q ы” Н;о* 0 — i 
[e | | A UN SS тш C 
R^ “al R Cl Л R^ ^H 
tetrahedral ] 
pr ua [elimination 
intermediate 


i. The hydride reagent used in this reduction is derived by the replacement of three hydrogens of 
ШАТН, by rert-butoxy groups; this reagent is much less reactive, and is more selective, than LiAIH,. 

ii. Because acid chlorides are more reactive than aldehydes toward nucleophiles, the reagent reacts 
preferentially with the acid chloride reactant rather than with the product aldehyde. 


2. Acid chlorides (and anhydrides) react with LiAIH ; to give primary alcohols. 


B. REDUCTION OF ESTERS TO PRIMARY А: СОНО! S 


1. Esters can he reduced to alcohols with LiAIH4. This reaction involves a nucleophilic acyl substitution 
reaction followed by a carbonyl-addition reaction. 


9 ПАН ut 0 р 9 j "o H 
, LJ 
| = b ——- 1 OD R— CH; — OH 
R^ Sor’ R^ "OR R^ `H | 
addition tetrahedral — | elimination aldehyde aa Eo 
addition intermediate Adda Ted 
intermediate (not isolated) р ; 


+ и? ов’ НОНО. р. —он 
The active nucleophile in LiAIH, reductions is the hydride ion, Н: . which replaces alkoxide at the 
carbonyl group of the ester to give an aldehyde. 
The aldehyde cannot be isolated hecause it reacts rapidly with LiAIH, to give, after protonolysis, the 
alcohol. 
Two alcohols are formed: 
i. One is derived from the acy! group of the ester 
ii. One is derived from the alkoxy group (usually methanol or ethanol. which is discarded]. 


2. Sodium borohydride reacts very sluggishly or not at all with most esters. 


C. REDUCIION OI AMIDES TO AMINES 


1. Amides are reduced to amines with LiAILH,. 


a. 
b. 
c. 


Li MH, Н.О? then neutralize 
R—C-—NRR ~ » RCH;NRR 


Primary amines are obtained from primary amides. 
Secondary amines are obtained from secondary amides. 
Tertiary amines are obtained from tertiary amides. 


2. The mechanism of the reaction of a secondary amide with lithium aluminum hydride involves— 


a. 


b. 


formation of the lithium salt of the amide by reaction of the amide N—H proton with an equivalent of 
hydride. a strong base. 
reaction af the lithium salt of the amide, a Lewis hase, with AIH;, a Lewis acid. 


c. delivery of hydride to the C—N double bond. 
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d. loss of OAIH.;, a fairly good leaving group (better than the nitrogen group), to form an imine. 


О AH, H Ол, 


о H 
i LAH, _ | -Li* OAIH, — \ 


-—— = 
ub > C=NR 


C A. Ne 
R^ “мик H3 R NR Li* -u к“ NRLi' "d 
arcani ч tetrahedral an imine 
addition addition 


intermediate 


e. reduction of the imine and protonolysis in a separate step to yield the product amine. (See 
Eqs. 21.55a-e on text pp. 1081-1082 for the detailed mechanism.) 


H 
N DIiAIH, 
C—NR — — Fr o» RCHaNH5R 
ГА ә г 
R цаню ап атіпе 
3) HO- 
an imine 


i. An excess of acid will convert the amine, which is a base, into its conjugate-acid ammonium ion. 
ii. Hydroxide is required to neutralize this ammonium salt and thus give the neutral amine. 
3. The reductions of primary and tertiary amides involve somewhat different mechanisms, but they too 
involve loss of oxygen rather than nitrogen as a leaving group. 


D. REDUCTION OF NITRILES TO AMINES 
1. Nitriles are reduced to primary amines by reaction with LiAIH,. followed by protonolysis іп a separate 
step. 

1) LiAlHy 

2) H0*/H40 

3) HO 
a. Anexcess of acid will convert the amine, which is a base, into its conjugate-acid ammonium ion. 
b. Hydroxide is required to neutralize this ammonium salt and thus give the neutral amine. 


2. Nitriles are also reduced to primary amines by catalytic hydrogenation. An intermediate in the reaction is 
the imine, which is not isolated but is hydrogenated to the amine product. 


R—C==N 


К —CH; — NH; 


Ну. (cat.) Ha, (cat.) 


R—C=N R—CH—NH —— ——3» R—CH;— NH» 


V. REACTIONS OF CARBOXYLIC ACID DERIVATIVES WITH ORGANOMETALLIC REAGENTS 


А. REACTION OF ACID CHLORIDES WITH LITHIUM DIALKYLCUPRATES 
l. The reaction of lithium dialkylcuprates with acid chlorides gives ketones in excellent yield; lithium 
dialkylcuprates typically react with acid chlorides and aldehydes, very slowly with ketones. and not at all 
with esters. 


9 о 
| + Lit CuR? —» С + LiCl + CuR 
R^ “е R^ >R 


2. Lithium dialkylcuprates react much like Grignard or lithium reagents, but are less reactive: a lithium 
dialkylcuprate can be considered conceptually as an alkyl anion complexed with copper. 
a. Lithium dialkylcuprate reagents are prepared by the reaction of two equivalents of an organolithium 
reagent with one equivalent of a cuprous halide such as CuBr. 


RI 
RLi + Cul » Lil + CuR »» аса; 


b. The first equivalent forms an alkylcopper compound; the driving force for this reaction is the preference 
of lithium. the more electronegative metal, to exist as an ion (Li*). 

c. The copper of an alkylcopper reagent is a Lewis acid and reacts accordingly with "alkyl anion" from a 
second equivalent of the organolithium reagent; the product of this reaction is a lithium dialkylcuprate. 
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B. REACTION OF ESTERS WITH GRIGNARD REAGENTS 


l. Inthe reaction of esters with Grignard reagents, tertiary alcohols are formed after protonolysis. (Secondary 
alcohols are formed from esters of formic acid after protonolysis.) 
а. Two equivalents of organometallic reagent react per mole of ester. 
b. A second alcohol (derived from the alkoxy group. usually methanol or ethanol) is produced in the 
reaction and is typically discarded. 


о к о ‘Mex : 9 i 
|| RMeX "c R'OMeX _ | ЮЕМЕХ oc te 
T - Є 2 > t 
R~ or” | R / NOR | g^ ^g ? HO | 
— tetrahedral ; zd ketone 
addition] айй: elimination) intermediate 
intermediate (not isolated) E EY 
products form 
+ R'O 'MgX V 
H,O'/H,O 
m R — OH 


2. This reaction is a nucleophilic acyl substitution followed by an addition. 
a. A ketone is formed in the substitution step along with an alkoxide leaving group. 
b. The ketone intermediate is not isolated because ketones are more reactive than esters taward 
nucleophilic reagents. 
c. The ketone reacts with a second equivalent of the Grignard reagent to form a magnesium alkoxide. 
which, after protonolysis, gives the alcohol. 
3. This reaction is a very important method for the synthesis of alcohols in which at least two of the groups on 
the a-carbon of the alcohol product are identical. 


VI. REACTIONS OF CARBOXYLIC ACID DERIVATIVES WITH OTHER NUCLEOPHILES 


А. REACTION OF ACID CHI ORIDES WITH CARBOXYI ATE SALTS 


1. Even though carboxylate salts are weak nucleophiles. acid chlorides are reactive enough to react with 
carboxylate salis to give anhydrides. 
2. The reaction of acid chlorides with carboxylate salts can be used to prepare mixed anhydrides. 


fi ji i f 
y + С ed » С „С + Мас 
3 a O R R^ О R 


VII. SYNTHESIS OF CARBOXYLIC ACID DERIVATIVES —REVIEW 


А. SYNTHESIS OF ACID CHLORIDES 
1. Reaction of carboxylic acids with SOCI, or PCl; (see Sec. 20.9A, text p. 1024). 


о о 
| $ОС1- | 
R—C—OH —— ———» R-—C-Cl 
or PCl« 


B. SYNTHESIS OF ANHYDRIDES 
1. Reaction of carboxylic acids with dehydrating agents (see Sec. 20.9B, text p. 1026). 


о o o 
P4054 11 | 
В-ОН ———  R—C—O—C-—R 
-H,O 


2. Reaction of acid chlorides with carboxylate salts (see Sec. 21.8A, text p. 1071). 


о о o Oo 
| | | 
R—C—O + CI-C—R ——— к-с-о—с—к 
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C. SYNTHESIS OF ESTERS 
1. Acid-catalyzed esterification of carboxylic acids (see Sec. 20.8A, text p. 1019). 
Ком 
R—CO.H + HOR a > R—CO.R + H,O 
2. Alkylation of carboxylic acids or carboxylates (sce Sec. 20.8B, text page 1023). 
R—CO:H + CHN, ——> ) о 

ксо,_ [| RCT OCH; 

3. Reaction of acid chlorides and anhydrides with alcohols or phenols (see Sec. 21.8A, text page 1071). 
O Q 
| 
R—C—cCl + нок Mea. R—C—OR 

4. Transesterification of other esters (see Sec. 21.8C, text page 1075). 


R—CO,R + HOR æ> R—CO,R + HOR 


D. SYNTHESIS OF AMIDES 


|. Reaction of acid chlorides. anhydrides, or esters with amines (see Sec. 21.8. text p. 1071). 
[e] о о 


ll | 
R—C—X + НХЕК ——® R—C—NRR а СО СЕК — OR 
2. When X = halide or carboxylate, a base or a second equivalent of an amine is required to neutralize the HX 
generated as a byproduct. In many cases, a tertiary amine such as pyridine or triethylamine is used. 


E. SYNTHESIS OF NITRILES 


1. Sy2 reaction of cyanide ion with alkyl halides or sulfonate esters. In this reaction. primary or unbranched 
secondary alk yl halides or sulfonate esters are required (see Sec. 9.2, text p. 387). 


R—CH4—X + C—N —3 R—-CH»—C=N + X X = halide ion, OTs 
2. Cyanohydrin formation (see Table 9.1, text p. 385). 


ji i 

| 

R—C—R + H—C==N dE ge 
CHEN 
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SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


(a) (b) (c) 
О 
М —CCH;CH;CH;CH;CO;H СЄНн;СН›.СН.СН.СОСН‹СН; h 
5-cyanopentanoic acid isopropyl valerate 
(d) (e) (f) 
[9] 
// 
Mi 
@ % 
CH,CO—4 ) Q \ 
MET i HCN(CH, h CH; 
cyclohexyl acetate N, N-dimethylformamide y-Valerolactone 
(h) (i) 
о 
(CH; HCCC HO;CCH;CHCH;CH;CO:H 
А = 
©! o OCH;CH, 
a-chloroisobutyryl "^d 
chloride 3-ethoxycarbonylhexanedioic acid 


(a) butanenitnle (common: butyronitrile) 
(b)  Cyclopropanecarbonyl chloride 
(c) | isopentyl 3-methylbutanoate (common: isoamyl isovalerate) 


The isoumyl group is the same as an НС 
c isopentyl or 3-methylbutyl group: Б» 
HC 


(d) | N,N-dimethyIbenzamide 


(CHCH,CH) 


10) Q 


CH,CH,0—C —CH, —C—OCH, 


ethyl methy! malonate 


(g) 


о 


a ~N 


| H 
Suan So 


glutarimide 


isoamyl group 


(e) (Z)-2-Butenedioic anhydride (common name more often used: maleic anhydride) 


(f) Ethyl 3-oxopentanoate (common: ethyl f-Ketovalerate) 


715 


(g)  l-Methyl-3-butenyl propanoate. (Notice the numbering from the point of attachment to the carboxylate 


oxygen.) 


(a) It is the Ё conformation. 


ol ihh a may be ut Se мг оос т $1, pam s ilw g.2thhe: M ou fat mide en res ee eel ips per Де ple Wade 17 ‚Кд 


TLEMI 


716 CHAPTER 21 + THE CHEMISTRY OF CARBOXYLIC ACID DERIVATIVES 


(b) 
I COH 
нс“ “н 
Z conformation 
21.4 Any lactam containing a relatively small ring (fewer than eight members) must exist in an E conformation. An 


example is ó-valerolactam. А small-ring lactam cannot exist in а Z conformation. because such a conformation 
would result in a transoid bond within the ring. a very strained and therefore unstable arrangement. (This is the 
same reason that small-ring (£)-cycloalkenes arc unstable.) If you try to construct a model of a small-ring 
lactam with its amide bond in a Z conformation, the strain of such a conformation should be obvious. 


o o amide bond in the Z conformation 
Д жн Д, 
И “м ioe ` p a 
TE 2 \ ы н Р. / 
ё Piae. This distance requires 


at least four more carbons. 


21.5 As shown by the data above the problem, a carboxylic acid has a higher boiling point than an ester because it 
can both donate and accept hydrogen bonds within its liquid state; hydrogen bonding does not occur in the ester. 
Consequently, pentanoic acid (valeric acid) has a higher boiling point than methyl butanoate. Here are the 
actual data: 


CHCH2CH7CH2CO>H CH43CH3CH3COS;CH; 
pentanoic acid methyl butanoate 
(valeric acid) (methyl butyrate) 

bp 186 °C bp 98 °C 


21.6 (a) 2-Butanone should have the higher dipole moment, because, other things being equal, molecules with 
higher dipole moments have higher boiling points. 

(b) Тһе dipole-moment data require that esters, like amides, exist predominantly in the Z conformation. In 
this conformation of an ester, the resultant of the bond dipoles of the two carbon-oxygen single bonds 
opposes the bond dipole of the C=O bond; the overall dipole moment of the ester is thus reduced. In the 
ketone, the C=O bond dipole is not opposed by any other significant bond dipole. 


. о " 
| С=О bond dipole Il | С=О bond dipole 

Усы. „СНз overall € 
H3C о + = ^ dipole H3C 


; ~ resultant of two moment 
Z conformation —- с о Бапа шр 
of methyl acetate 


If the ester were in an E conformation, the resultant bond dipoles of the two carbon-oxygen single bonds 
would augment the bond dipole of the C=O bond. In this case, the dipole moment of the ester would be 
larger than that of the ketone. 


0 
|| 


0 4 
Ч | С=О bond dipole Д : 
^ | overall = 
И: Y ^ Ё е ‚ dipole ^ dipole moment of 
CH3 A- resultant of two moment the ketone 


^7. C—O bond dipoles 
E conformation I 
of methyl acetate 
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The experimental facis bear out these predictions. y-Butyrolactone, an "ester" that is locked into an Ё 
conformation, has a greater dipole moment than 2-butanone. which has a greater dipole moment than 
methyl acetate. an ester which exists mostly in the Z conformation. 


A i i 
LY 


[6 CH,CCH,CH, CH,COCH, 
2-butanone methy! acetate 
f butyrolactone 
dipole moments: 4.1D 28D 1.5 р 


21.7 (ај The carbonyl absorption of the ester occurs at higher frequency, and only the carboxylic acid has the 
characteristic strong. broad O—H stretching absorption in 2400-3600 cm ! region. 

(b)  Inthe proton NMR spectra, the amide has a single methyl resonance that is a doublet, whereas the nitrile 
has two methyl resonances that are singlets. In addition. the integral of the aromatic proton absorptions 
in the nitrile is smaller in proportion to the integral of the other absorptions because there are fewer 
aromatic protons. 


о C=] 
[ dm 
а 
2 “уе ~NHCH; Зад | 
H4C CH, 


doublet 
S singlet singlet 
Uliytenrenien 2,4-dimethylbenzonitrile 
(c) In methyl propionate. the singlet for the теу! of the CH,O— group has a greater chemical shift (near 
6 4) than the methyl singlet in ethyl acetate (near 6 2). In ethyl acetate. the quartet for the —CH,— group 
has a greater chemical shift (near ó 4) than the —CH;— quartet in methyl propionate (near 6 2). 


о о 

1 

H,C —C — OCH3CH4 CH,CH,—C —OCH, 
ethyl acetate methyl propionate 


(d) In N-methylpropanamide, the N-methyl group is a doublet at about 6 3. N-Ethylacetamide has no 
doublet resonances. In N-methylpropanamide. the a-protons are a quartet near 6 2.5. In N- 
ethylacetamide, the a-protons are a singlet at 62. The NMR spectrum of N-methylpropanamide has no 


singlets. 
о [6] 
ийне E HC —C — NHCH3CH; 
N-methylpropanamide N-ethylacetamide 


(e) — Ethyl isobutyrate, (CH3);CHCO;CH;CH,. has five CMR resonances, whereas ethyl butyrate, 
CH 1C H53CH;COsCH:CH;, has six. 


21.8 That the compound is an amide is confirmed by the N—H absorption at 3300 cm ! and by the carbonyl 
absorption at 1650 cm™!. The compound is N-ethylacetamide; the —CH,— resonance of the ethyl group is split 
by both the adjacent methyl protons and the N—H proton. 

о 


| 
Н.С —C —NHCH;CH; — N-ethylacetamide 
21.9 (a) Тһе first ester is more basic because its conjugate acid is stabilized not only by resonance interaction 
with the ester oxygen. but also by resonance interaction with the double bond: that is, the conjugate acid 


of the first ester has one more important resonance structure than the conjugate acid of the second. (Sce 
Problem 19.14(b), text p. 962, and its solution for a similar situation.) 
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e р 
CH,CH —CH —C —OCH, 6—3» CH,CH —CH =C —OCH, 


resonance interaction of the protonated carbonyl 
group with the double bond 
(b) The first ester is more basic because its conjugate acid is stabilized by resonance interaction of the 
p-methoxy oxygen. 


The meta position of the methoxy group in the second ester does not allow a similar resonance 
interaction: consequently. only its electron-withdrawing polar effect operates. This polar effect (Sec 
3.6C. text p. 115) destabilizes the conjugate acid of the second ester. (See Problem 19.142 on text p. 962 
and its solution on p. 629 of this manual for a similar situation.) 

(c) Тһе second ester is more basic because its conjugate acid is stabilized through the polar effect (Sec 3.6C. 
text p. 115) of the attached clectron-donating methyl group. The first ester is less basic because its 
conjugate acid is destabilized by the polar effect of the attached electron-withdrawing trifluoromethyl 


group. 
| destabilized stabilized | 
* ` : . 
OH OH OH OH 
I -——— | | з= | 
Е.С — C— ОЁ! F4C— C— ОЕ H;C —C — ОЕ! HC — C— ОЕ! 
+ i і H” 


stronger acid weaker acid 


2110 (a) The mechanism of hydrolysis in acidic solution is much like that for the hydrolysis of an ester. 


f 
^ мн —OH 
о EL" eto О 
il CM " / OW 
Ph—C—NHCH, ж —* Ph—C—NHCH, ж >” Ph—C—NHCH; / «3 
! 
~ OH, @?* OH , 
= E. 
+ ~ 
» ( $] s !' 
OH "Н —OH) гон Гу id OH; о 
f LI e | 
Ph —C—NHCH, qo рр —С ——ЯНСН 4499 Ph—C—OH Pi —C—Ou 
OH OH + H»NCH, + H—ÓH; 
tetrahedral + OH; (protonated 
addition x: by H,0+) 
intermediate 


(b) Тһе mechanism of the base-promoted hydrolysis of N-methylbenzamide is essentially a saponification 
mechanism analogous to that shown for esters in Eq. 21.9a-b. text pp. 1061-2. 


20 О, n "A ? 
« 1 I = 
Ph —C—NHCH, „ > Ph ER ian Hy a > Ph—C—O—H МНСН; -> Ph —C —O 
“OH OH + NH CH, 
tetrahedral 
addition 
intermediate 


=s = = to ibo eS ee en ied ane тїз marsh e wur fmc //otogcle р мгу (уды md - 1С 


21.11 


21.12 


21.13 


21.14 


SOLUTIONS TO PROBLEMS • CHAPTER 21 719 


(a) Тһе hydrolysis products consist of the conjugate base of the carboxylic acid and an amine: 


О 
lu dies 
(CH,;)CH—C—O + HN 
isobutyrate ion == 
pyrrolidine 


(b) Тһе hydrolysis products consist of the conjugate base of a carboxylic acid and an amine. both of which 
are a part of the same molecule: 


NH; 


CO; 


Resonance effects: The application of the resonance effect for predicting the relative rates of acid-catalyzed 
ester and amide hydrolyses is exactly the same as it is for the corresponding base-promoted hydrolyses. (See 
Eq. 21.26. text p. 1069 and the discussion in Sec. 21.7E of the text.) 

Leaving-group basicities: In the acid-catalyzed hydrolysis of an ester. the leaving group is an alcohol: in 
the acid-catalyzed hydrolysis of an amide, the leaving group is ammonia or an amine. Alcohols are much 
weaker bases (conjugate-acid pK, = —2 to —3) than amines or ammonia (conjugate-acid pK, = 9-10). Because 
weaker bases are better leav:ng groups. esters should hydrolyze more rapidly. and they do. 


First. consider the stability of the starting materials. Acetyl fluoride is stabilized by resonance. due to effective 
overlap of the 2p orbitals of fluorine and the carbonyl carbon. Acetyl chloride is not stabilized as effectively, 
due to poor overlap of the 3p chlorine orbital and 2p orbital of carbon (Fig. 16.7. text p. 819). Thus, acetyl 
fluoride is morc stable. 


d a 
R—C- E —C=: 


structure 


Next, consider the stabilities of the intermediates. The tetrahedral intermediates of acid fluorides are stabilized 
than the intermediates of acid chlorides are. due to the greater effective positive charge on the carbonyl carbon 
altached to the fluorine. 


partial charge on carbon partial chargc on carbon 
AT larger, stabilizes charge on 
i A oxygen better 


Nuc Nuc 


If the stability of the starting material was the dominant factor in determining the rate of the reaction. the acid 
chloride would react faster. due to it being less stable. If the stability of the intermediate was the dominant 
factor, then the acid fluoride would react faster. because its intermediate (and, by Hammond's Postulate, its 
transition state leading to the intermediate) would he lower in energy. Since we know from the question that the 
acid chloride reacts faster, it must be the stabilities of the starting materials that determine the rate of the 
reaction. 


(a) Because esters hydrolyze much more rapidly than nitriles. one equivalent of base brings about the 
selective hydrolysis of the ester. 
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о 
N=C—CH,—C—O + HOCH, 
(b)  Thisis an ordinary ester saponification followed by acidification. 
о 


|| 
e m + HOCH, 


(c) Hydrolysis of one amide gives carbamic acid, which spontaneously decarboxylates; see Eqs. 20.42a-b on 


text p. 1031. 
Oo о 
|| HyO* heat 4 || HiO* 4 
HəN —C —NH, + НО > NH, + H)N —C —0H » NH, + CO; 
carbamic acid 
21.15 First, prepare the acid chloride from hexanoic acid: 
| | 
SOCI | 
CH (CH; yC —0H — ~? yy CH;(CH; XC —Cl 
hexanoic acid hexanoyl chloride 


(a) To prepare the ester. allow the acid chloride to react with ethanol: 
о [6] 
il HOCH;CH, | 
CH4CH yC СІ —————>сєнисн5иС —OCH;CH; 
hexanovl chloride ethyl hexanoate 
(b) To prepare the secondary amide, allow the acid chloride to react with the appropriate amine: 
Oo о 


| H NCH; (excess) | 
CHACH yC —C1 -T CHACH 4C — NHCH; 


hexanayl chloride N-methylhexanamide 
21.16 (а) (b) (c) 
o 
l д 
CH4CH5C —NICH;) T о 
+ _ e | || 
(CH, NH CI | = о—<] PhCH3C —5СН›СН, 
(d) (el (f) 
О О o o 
|| | || [| 
снусн,сн,С —o—CcH, CI —C —OCH, CH,O—C —OCH, 
(g) (h) 
о о 
| II 
o^ “о pee ОСН 
=, SW сон 
+ 2 СНОН y 


21.17 Because sulfonate esters behave like alkyl halides, cleavage in A occurs at the alkyl-oxygen bond. (See Study 
Guide Link 21.5 on p. 701 of this manual for a discussion.) Consequently, the oxygen isotope ends up in the 
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product alcohol. Cleavage in B occurs at the acyl-oxygen bond; therefore, the isotope ends up in the product 
acetate ion. The products are therefore as follows: (*O = '*O): 


products from A: products from B: 
9 Ò 
Д А Е: | 
PhCH;OH + "үз PhCH;OH + OCCH, 
о 


In the products from B. the isotope is distributed equally between the two carboxylate oxygens. because these 
oxygens are equivalent by resonance. 


(a) 
о о — 
снс—с + но. \ No, -Pyridine p. mi-o Se 
acetyl chloride = — 
p-nitrophenol p-nitrophenyl acetate 
ib) 
Ph [9] Ph о 
CH,CHOH + at yos ем... снубно—5— A CH3 
1-phenylethanol 4 б — 
p-toluenesulfonyl chloride 1-phenylethyl tosylate 
(c) 
Z OH IR E Z^ x 
CC e m (COE 
SoH CI 7С о 
catechol phosgene 
(d) 
о о о о 


| l 
э(сщҗсон + СиО ану ср BSS, icy лсо Ссн, —C ось 


tert-butyl alcohol malonyl dichloride di-tert-butvl malonate 


(a) There are two cyclic amide (or lactam) functional groups present in the compound. Since one lactam is 
contained in a four-membered ring, it is considerably more reactive than the other due to the ring strain 
that exists. So. one equivalent of sodium methoxide will react preferentially at the more reactive lactam. 


сњо HN Ji a 


N 
(0) CH; 
(b)  Inthis case, both lactams would be hydrolyzed to amines and carboxylic acids. Shown below is the 
neutral form of the product. In strong acid, the amines would be protonated. 


HO HN di di 
o OH 
T CH; 
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21.20 (a) 
(b) 
21.21 (a) 
(b) 
(c) 


Carry out one of the reductions in Sec. 21.9D: 


о D L HAIJOCCCH444]4 О 
2) iO* 
РАС —€] = ——— ——» PhC —H 
benzoyl chloride benzaldehvde 


Reduce the tertiary amide with LiAIH,. 


о 1) ШАҢ; 


o 
| | din 2) H,0* 
PhC—CI + 20 — J» PhC—N DU p PhRCHN 
a 


benzoyl chloride 
pyrrolidine N-benzylpyrrolidine 
(excess) 


PhCH;CH;NH; 

Although the ester reacts most rapidly. the nitrile also reacts because an excess of LiAIH, is present. The 
product is the amino alcohol HOCH;CH;CH:;NH, plus the by-product ethanol, С.Н;ОН. 

Both esters are reduced. 


OH 


| 
2CH,CH,OH + PhCHCH;OH 


ethanol 1-pheny!-1,2-ethanediol 
(from reduction 
of both the acetoxy 
group and the ethyl ester) 


21.22 Among the compounds that would give (CH;);:CHCH;CH;CH;NH; as the result of LiAIH reduction are the 


following: 
it 
(CHiSCHCH;CH3C—N — (CH;5CHCH;CH;C — NH; 
4-methylpentanenitrile 4-methylpentanamide 
21.23 (a) As shown in Eq. 21.58, text p. 1083. the reduction involves an imine intermediate. This intermediate A 


RC- 


(b) 


21.24 (a) 


can react with a molecule of amine product to form the nitrogen analog of an acetal. which then can lose 
ammonia to form a different imine B. which in turn is reduced to the by-product. (You should be able to 
provide the curved-arrow notation for the reactions involved in the A *— B equilibrium in the overall 
process outlined below.) 


3. €: H3NCHs;R 2 Н». са 
м Н са RCH=NH т RCH NH, ж УУ NH, + RCH D ВСН, 
| Il | 
A NHCH;R NCH;R NHCH;R 
B 

H». сщ. 

Y 

RCH;NH; 


By Le Chatelier’s principle, ammonia drives the equilibria in the above equation away from imine B and 
back toward imine A, which is eventually reduced. 


HOH. H,SO 1) PhMgBr (excess 
сон —2—5— D > phCO;CIHCHs A еке. "PR он 
2) ЊО 


benzoic acid triphenylmethanol 
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(b) 


О о о 
|| PCls || ку ~Cu(CHy» II D CH:CH-Mgl 
CHCHCHCOH »-CHiCH3CH3CCI —— —; >» CHiCHSCH5CCH; UO» 
2) H0 2) њо“ 
butyric acid 
OH 
| 
CH4CH;CH3CCH;CH; 
CH; 
3-methvl-3-hexanol 
(c) First, the nitrile is hydrolyzed to isobutyric acid, which is converted into its acid chloride: 


о о 
H30. НО“, heat T SOCI» 
(CHipCHC-N -— —» (CHipCHC ОН — ——(CH3n5CHC —CI 
isobutvronitrile isobutyric acid isobutyryl chloride 


One synthesis involves reaction of the acid chloride with lithium dimethylcuprate: 


о о OH 
1) Lit Cu CH h 1) CHMgI 
— (СН CHC —CH3 - 


| 
< (CH35CHC — СНз 
2) HO 2) Оо 


|| 
(CH3 CHC —CI _ 
CH; 


2,3-dimethyl-2-butanol 


The second synthesis involves the Grignard reaction of an ester (see Eq. 21.63, text p. 1086): 


o C3H4OH (solvent) о OH 
i H5SO, | 1) CHyMgl (excess) | 
(CHCH —ОН - 3 (CH, hCHC —OCAH, = “ye (CH, hCHC —CH; 
Ё 9) Њо ` 
CH; 


2,3-dimethyl-2-butanol 


Although you have not studied this reaction explicitly. a more direct route to the alcohol is the 
reaction of the acid chlaride with excess CH,Mgl follawed by protonolysis. 


о OH 


11 CHiMgl (excess) | 
(CHi5CHC — CI э» (СН. СНС СН; 
2) њо" | 
CH, 


Can you see why acid chlorides should react the same way us esters in this reaction? 
(d) 


О О о 
ay PCls l| р "Cu(CoH«5 | 
CHC H5COH — —» CH ,CHsCCI ——= — — »» CH,CH»CCH>CH, 
2) њо" A E 
propionic acid '- 3-pentanone 


(a) Тһе reaction of a Grignard reagent with ethyl formate gives a secondary alcohol in which the two alkyl 
groups at the a-carbon are identical. 
О OH 
н;о" | 
CH,CH,OCH + 2 RMgBr » —— » R—CH-—R + CH,CH,OH 


ethyl formate 
(b) The reaction of a Grignard reagent with ethyl formate gives a secondary alcohol in which the two alkyl 
groups at the a-carbon are identical. 
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о OH 

| H,0* | 
CH,CH,OCH + 2 CH,CH2MgBr » 3 CH;CH;CHCH;CH; + CH,CH,OH 
ethyl formate 3-pentanol 


(a) Because only the acid chloride reacts, the product is the following keto nitrile. 
о 


М =с‹сн ССН, 12-oxotridecanenitrile 
(b) Because only the acid chloride reacts, the product is the following keto ester: 


О 
|| | 
CH3iCH,4O0 —C(CHiC —CH; butyl 6-oxoheptanoate 


The first method involves carbonation of the corresponding Grignard reagent; the second involves hydrolysis of 
the nitrile. 


1) CO 


Mg 2) но“ 
- ——— (CH; 5 CH(CH, СОН 


5-methylhexanoic acid 
H30. НО“, heat 


(CHi »CH(C Hy 5Br 


1-bromo-4-methvipentane (CH; 5CH(CH; 4C =N 


DMSO 


The required nitrile is 2-hydroxypropanenitrile. This is a cyanohydrin, and this cyanohydrin can be prepared by 
addition of cyanide to acetaldehyde. 


о OH OH 

[| NaCN. ЊО | H30, H30*. heat 
CHCH — — ——— CHCH — — — — —À» CHCH 
C=N COH 


acetaldehyde 
2-hydroxvpropanenitrile 2-hydroxypropanoic acid 


Notice that the alcoho! does лог dehydrate under the rather severe conditions of nitrile 
hydrolysis. The reason is that the carbocation intermediate that would be involved is 
destabilized by both the cyano group and the carboxy group of the product. Can you think of a 
reason why? 


Amides are more resistant to base-promoted hydrolysis than esters: the same is true of polymeric amides and 
esters. Nylon is more resistant to hydrolysis than polyester. 


Process (a) is catalytic hydrogenation. Because furan is aromatic. high pressure and/or heat might be required. 
Process (Р) is ether cleavage with HC] and ZnCl, (or other acidic catalyst) and heat. Process (c) consists of the 
5 42 reactions of cyanide ion with the dichloride. Process (d) is catalytic hydrogenation or LiAIH4 reduction 
follawed by protonolysis. Process (e) is nitrile hydrolysis with aqueous acid and heat. Finally. process (f) is to 
mix the aminc and the carboxylic acid and heat (Eq. 21.72, text p. 1090), or to form the di-acid chloride and 
allow it 10 react with the amine. 


First, water opens the lactam to an amino acid A. The amino group of this compound serves as a nucleophile to 
open another lactam molecule: and the resulting amino group thus liberated repeats the process, thus growing 
the polymer chain: 


- = + = 
ma O OH, 707 OH 
|| 4— OH; SZ á N AZ А. 
ИЕ... Г а Ж о Г (Ы | 
i xd NH3 
/ \ o» | 1 —9 VR >» HOC(CH) МН» 
Z N Ж X ff A 
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f ‘ 


p NH3(CH; СОН 
NH NH 
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x + 
o NH3(CH; СОН 


proton 


transfers i PR ia 
\ / 


о 


о 
|! |І : ; 
HOC(CH, NH ССН МН Similar reactions y v 


— P 


this amino group reacts with 
another e-caprolactam molecule 


Solutions to Additional Problems 


21.32 (а) 


PhCO.H 
+ CHiCH30H 
(е) 

он 
А 

CH;CH;CH, 


(b) (c) (d) 
re) 
PhCO; № Phe —NH; PhCH;OH 
+ CH,CH2OH + CH,CH,OH + CH,;CH»OH 
(0) (2) 
о Өл, 2 
ccs, = 0^ “ра 
PC CH;CH4CH, * N A cr PRIBHSCHAGHà 
CH;CHSCH; CH.CH;CH, 


(h) In this reaction, ethoxide displaces ethoxide, but the reaction is "invisible" because the product is the 
same as the starting material. Thus. there is no xet reaction. 


21.33 (a) 
CH,CH3CO3H 


(e) 


| 
CH4CH;CH 


(h) 
о 0 


1 
CH,CH,COCPh 
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(b) (c) (d) 
о o o 
| || (| 
CH,CH;CSCH;CH; CH,CH;COC(CHy h CH4CH3CCH; 
x = ON 
+A Ана + NH ci 
j \ х 
(g) 
Q o 
cuce Nen, CH,CH3CNHCHi(CHy 5 
= + CI Н,МСНСН, 
(i) 
о 


| 
memo \— CH; 


" { Хн сг 
Tem 
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21.34 (а) (b) (c) (d) (e) 
(8) 
О o CH3(CH» 4COCH(CHs «CH; 
| 
CH,CH,C=N CHCH CNH, CH OCHCHSCHCH, CH; N 2CCH4C—N 
propionitrile propionamide butyl acetate 1-methylpentyl hexanoate malononitrile 


Malononitrile (propanedinitrile) in part (e) hydrolyzes in aqueous acid to malonic acid and ammonium 
ion. and the malonic acid decarboxylates to acetic acid and carbon dioxide. (Sec Sec. 20.11 in the text.) 


21.35 The easiest way to work this problem is to start with the structure and work backwards. Because carbonation of 


a Grignard reagent gives a carboxylic acid, compound D must be the corresponding alkyl bromide. Compound 
E must be the hydrocarbon that gives compound D on benzylic bromination. The Wolff—Kishner reaction 
produces compound E from compound В, which therefore must be a ketone. Reduction of ketone B with 
sodium borohydride gives alcohol C. which is converted into alkyl bromide D. Finally, the structure of 
compound B shows that reaction A must be a Friedel-Crafts acylation. In summary: 


р Ё y" Br 
| 
CICCH3;CH;. AICIH;. PhCCH5CH; PhCHCH>CH PhCHCH,CH, PhCH»CH,CH, 
then H,0° B С D E 
A 


21.36 Тһе product is (R)-(—)-1-pheny]-1,2-ethanediol. Notice that the asymmetric carbon is unaffected by these 


transformations. 
oH CH30H. OH 1) LiAIH, OH 
| H SO o*t 
Dow ——. T ге 2 о _ э» n 
Н" “сон н 4 “сосну н “сн,он 
Ph Ph Ph 
(R)-(-)- mandelic acid (RY-(-)-1-phenyl-1,2-ethanediol 


(a 1,2-glycol; reacts with periodic acid) 


21.37 Both the ketone and the carboxylic acid are reduced with LiAIH,: although the carboxylic acid is ionized by 
NaBH, (but regenerated on addition of acid), only the ketone is reduced. 


OH 
LiAlH 10° 
á x ia O X CHCHCH CHCH OH 
| 1,4-pentanediol 
CH,CCH.CH,COH - 
4-oxopentanoic acid \ NaBH H,0° | 
(levulinic acid) шеп ^ > CH,CHCH3CH3COSH 


4-hydroxypentanoic acid 


In acidic solution. 4-hydroxypentanoic acid is in equilibrium with the corresponding lactone, which is favored 
in the equilibrium. (See Eq. 21.12. text p. 1064.) 


21.38 (а) Compound A has the formula С, Н,:№О. The formula of compound 8 indicates that it differs from A by 
the addition of the elements of water. The fact that compound C is a lactone with an oxygen at carbon-4 
and an additional hydrogen at carbon-3 suggests that addition of water to the double bond of compound 
A, that is, alkene hydration, occurs metabolically to give an alcohol B. The lactone C is formed by 
cyclization of compound B, that is, an intramolecular esterification. The structure of compound В is 
given in the mechanism of part (b). 

(b) A curved-arrow mechanism for the formation of compound C from compound B: 
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"x Он M 
о 2 CH, эон HaC 
li "t ШОҢ дем; | , 
PhCHCHCH3CNH; ж > PhCHCHCH CNH) 


| | + 
OH on) Ph^ Л NH? 
H 


4-hydroxy-3-methyl- OH 
4-phenylbutanamide + OH) D" f 
(compound B) 
H,C „Ка \ 
OH Y > em OH 
S fs |} —— >» OH; + ———» 
d н— Он» d N 
Ph o NH, Ph^ 0 (NH3 
Ке 4 H4C 
+ N + 
l=. J( он, = lo- + H—OH) 
Ph О " Ph Оо 
+ NH, ui 


(protonated under 
the acidic conditions) 


OH CH40H. OH 1) LiAIH, OH 
l H504 D | 2) њо? _ | 
i" mE " = 4 - at 
Н" “сон Н “сосну H 4 “снон 
Ph Ph Ph 
(R)-(-)- mandelic acid (R)-(-)-1-phenyl-1,2-ethanediol 


(a 1,2-glycol; reacts with periodic acid) 


21.39 (a)  Inaqueous base the ester groups are saponified to give glycerol (1.2,3-propanetriol) and three equivalents 
of sodium oleate. the sodium salt of oleic acid. 


H H HO— CH, 
\ / 
с=с 2 + — HO—CH 
CHCH, 4 (CH»5—C—0 Na* HO—CH; 
sodium oleate glycerol 


(b) The structure of glyceryl tristearate: 
О 


|| 

CH3(CHi4CO— CH; 
\ 

СЄНИСН-»)›СО—СН glyceryl tristearate 
o | 

CH,(CH2;,CO— СН» 


Because unsaturated fats are oils and saturated fats are solids, glyceryl trioleate is a liquid, whereas the 
product of hydrogenation is a solid. In fact, glyceryl trioleate is a major component of olive oil, whereas 
glyceryl tristearate is a major component of lard. 
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|| 
CN(G)H5h 


compound A 
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21.40 (a) 
о о 
l | d 
Ке 'H K 2Cr 20 4 H 3С OH 
E^ HSO; SOCI} 
| 2 з 
Su. 
3-methylbenzaldehyde 
о 
H,C la HN(C;H s» НС 
(excess) 
(b) 
о o 
COH dc nu нурси" (сн, 
PCI 2) њо“ 
Br Br Br 
2-bromobenzoic acid 
ўе 
CCH; 
NBS, ССІ; 
peroxides 
Br 
21.41 (a) 
о o DL CH KCU 
| ОС!» П 2) њо“ 
CHCH CH COH C» СНСНУСН:ССІ — » 


butyric acid 


О 


1) CH;CH,CH MgBr 
2) њо“ 


CH3CH;CH;CCH; 


(b) 
О 


П. C3H«0H. H5SO, 
CH,CH,CH,COH — z 


(c) 
o o 
| SOCI 
CHCH CH COH > — 99 CHiCH;CH5CCI 
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* 


СН, — PPh; 


(a Wittig 
reagent! 


CH) 


compound B 


OH 


| 
»- CHCH CHCCHCHCH3 
| 


CH; 
4-methyl-4-heptanol 


D CHyMgl 
2) H,0* 


H3. quinoline. S 


— — PIC — CHiCHCHSCH 


OH 


Ls CH,CH,CH,CO>C3Hs ——————» CH4CH;CH;CCH,; 


| 
CH, 


2-methyl-2-pentanol 


О 


D CH.CH;CHSMgBr 


"no 2HjO* 


- 
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н 
CH4CH3CH3CHCH3CH3CH; 


4-heptanol 
(d) 
О 1) LiAIH. conc. HBr 
|| 2) H,0* HSO; Mg 
CH4CH;CH;COH ® CHiCH;CH;CH;OH DM CH,CH»CH»CH>Br a 
О 1) KMnO}. OH 
nZ X 2) H,0* 
CH:;CH3SCH;CH3oMgBr "e or H3CH>CH CHCH CHOH ~~ 
2) 
SOCI, [| NH; (excess) 
CH;CH;CH,CH;CH;CO;H  — — > CH;CHs5CH;CH;CH;CCI ——— 
О 1) LiAIH, 
| 2) њо 
CH4CH53CH;CH;4CH;,CNH,. ——— ——9 CHQ4CHoCH;CH;CHSCHSNH5 
1-Һехапатіпе (hexylamine) 
(e) 
О 1) LiAIH, conc. HBr 
l 2) H,0* HSO} Me 
CH3CH>CHCOH — — — —39 CHCH CHCH OH  — — — —3 CH;CH-CHCHBr eher » 
1) CO, 
2) њо? SOC], | NH3 (excess) 
[0] 1) LiAIH, 
| 2) HO 
CH4CH3CH;3CH;CNH; — —— — —9» CH4CH5CH;CH;CH5;NH; 
I-pentanamine (pentylamine) 
(f) 
(0) о NH, о 1) LiAlHy 
| $ОС!) Il (excess) || 2) HO 
CH4CH3CH4COH —M CH4CH;CH5CCI P-CHiCH;CH;CNH; — ^ Э» CH,CH»CH{CH2NH> 
1-bulanamine 
{butylamine) 


21.42 (a)  Firstof all, two sets of constitutional isomers can be obtained from the reaction of |-phenylethanol at 
either of the oe carbonyl groups of the anhydride: 


CH; 
Ph s: Ph -COH 
“Уу “оснрь “О 
t CH,CHPh F] | ł 
i l COH l 
oO l-phenylethanol Mart d TV ^C ocuPh 
a-phenylglutaric A B m 


anhydride 


Each of these products has two asymmetric carbon stereocenters and can thus exist as four stereoisomers. 
All stereoisomers of A can in principle be separated from all stereoisomers of B because constitutional 
isomers have different properties. Thc four stercoisomers of A can be separated into two pairs of 
enantiomers; the same is true of B. Consequently, four compounds can in principle be obtained from this 
reaction mixture without enantiomeric resolution. 
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(b)  Thesame two constitutional isomers would be obtained. and each would be obtained as a pair of 
diastercomers.. However. only one enantiomer of each diastereomer (the one with the $ configuration at 
the carbon derived from the alcohol) would be formed. 


If the diastereomeric esters from part (b) were separated from each other and saponified, the 
a-phenylglutaric acid formed would be enantiomerically pure. The process described here 
would therefore be useful as an enantiomeric resolution of a-phenylglutaric acid (ог any other 
chiral dicarboxylic acid from which a cyclic anhydride can be readily formed). 


Because the two carbonyl groups of the anhydride are not equivalent. two different products are possible; each 
corresponds to reaction with the ethanol at a different carbonyl group. Because ethyl propionate has a higher 
molecular muss than cthyl acctatc, ethyl propionate should have thc higher boiling point. Since it is given that 
the ester with thc lower boiling point is formed in greater amount, then ethyl acetate is the major product. 


О О 

li 
СНС О denen, + CHCH;OH - -> 
acetic propionic anhydride 


О О O 


il || | |] 
CH,C—OCH;CH, + HO—CCHLCH, + снусн,о _Ссн,сн, + CH,C — OH 


ethyl acetate ethvl propionate 


major products 


Carboxylate salts аге less reactive than esters in nucleophilic acyl substitution reactions for two reasons. First. 
resonance stabilization of carboxylate salts is particularly important because carboxylates have two identical. 
important resonance structures; хее Eq. 20.4 on text p. 1013. Resonance stabilization of esters is less important 
because one resonance structure separates charge; see the structures in Eq. 21.26. text p. 1069. Because 
resonance stabilization reduces reactivity, carboxylates are less reactive than esters. 

The second and major reason that carboxylate salts are less reactive is that they contain no leaving group. 
The oxygen anion of the carboxylate. in order to serve as a leaving group. would have to depart as an oxide ion, 
Oz. This very basic lcaving group is unprecedented in the usual reactions of organic chemistry. 


Reactions such as LiAIH, reduction that occur on carboxylate salts might at first glance appear 

» to involve oxide ions as leaving groups. In such reactions, however. the "oxygen anion" is 
bonded to another species that allows the oxygen to serve as a leaving group. (See the details in 
Further Exploration 20.4 on p. 665 of this manual.) 


(a) — Thiol esters arc less stabilized by resonance than esters because the resonance interaction of sulfur 
unshared electron pairs with a carbonyl group is less effective than the resonance intcraction of oxygen 
unshared electron pairs. The reason for this difference is that the orbitals оп sulfur are derived from 
quantum level 3. and such orbitals overlap poorly with the л orbitals of a carbonyl group. which are 
derived from quantum level 2. (Sec Fig. 16.7 on text p. 819 and the accompanying discussion of this 
point.) Thus, resonance arguments suggest that a thiol ester should hydrolyze more rapidly than an ester. 

(b) Sulfur is considerably less electronegative than oxygen. Therefore. the polar stabilization of the thioester 
transition state is less than the polar stabilization of the ester transition state by oxygen. This argument 
suggests that thioesters should be less reactive than esters. 


Notice that the answers to parts (a) and (b) seem to contradict cach other. The result is that the 
two effects tend to cencel, and the reactivity of thioesters and oxygen esters is about the same, 


which is in accord with experimental observation. 


(a) Synthesis of nylon-4.6 requires mixing l.4-butanediamine and adipoyl dichloride. 
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о о 
Ну мСЊ 4NH5 + СІССЊ ССІ J> nylon-4.6 
1,4-butanediamine  adipoyl dichloride 


(Alternatively. [.4-butanediamine can be heated with adipic acid: see Eq. 21.72 on text p. 1090.) The 
preparations of these materials are as follows: 


о о о 1) LAIH 


о о 
| SOCI» || II NH, (excess) || Il 2) но 
HOCCH3CH;COH  — ———À- CICCH3CH3CCI. —— — ——3 H3NCCH3CH3CNH5 ———————9  HaN(CH) NH 


succinic acid 1.4-butanediamine 


O o o o 
|| || SOCI, [| [| 
HOC(CH;4,COH. = CICICH, 4CCI 


adipic acid adipovl dichloride 


Why do you think heating the dicarboxylic acid with the diamine is preferred industrially to 
reaction of the diamine with the dicarboxylic acid dichloride? (There are at least two reasons.) 


Тһе preparation of this polyester requires heating 1.4-butanediol with glutaric acid. 


(Alternatively. the di-acid chloride of glutaric acid could be mixed with 1.4-butanediol.) 


о о 
о O ШАҢ, HOC(CH,),COH o о 
|| || 2) њо? glutaric acid || || 
HOCCH3CH4COH ——#——ъ» HO(CH; ЦОН ue -O(CHp yO — C(CH; AC ~ 
n 
succinic acid 1,4-butanediol 
21.47 (a) 
0 о 
OHO 
| | 
H n 
(b) 
О 
l н 
N^ | 
[donor | CL i 
H acceptor b v 
| | 
T. iua ^ 
| UN Acceptor] 
16605 
) N^ 
| 
H 
21.48 


The IR spectrum of compound A indicates that it is an anhydride. and probably a cyclic anhydride containing a 
five-membered ring. (Compare the carbonyl absorptions of compound A with those in Table 21.3 on text p. 
1054: the 1050 cm ' absorption is a C—O stretching absorption). Addition of methanol to a cyclic anhydride 
should give a methyl half-ester. compound В. Indeed, the IR spectrum of compound В indicates the presence of 
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both a carboxylic acid and an ester group. Subtracting the elements of methanol (СНО) from the formula of 
compound B gives the formula of compound A. C,H4,O;. Compound A is succinic anhydride. 

Two points about the NMR spectra are worth noting. First. the methylene protons of compound B give a 
complex resonance at 5 2.7 because they are chemically nonequivalent but have very similar chemical shifts. 
This is the condition under which complex, non-first-order splitting can occur. (See text Sec. 13.5B. pp. 641— 
643.) That these protons should have similar chemical shifts is a reasonable observation because both sets of 
protons are in very similar electronic environments: both are on carbons that are a to carbonyl groups. The 
second point is that the proton of the carboxy group of compound В is not observed because the spectrum is 
taken in Ю.О. Recall (Sec. 13.7D. text pp. 651—653) that O—H protons are rapidly exchanged for deuterium in 
when О„О is present. and that deuterium nuclei are "silent" in proton NMR. 


о о 
"WE | /| 637 


OCH, 
53.004 E. + CH40H ——39 627 


- OH 
1 ~~ not observed in DO 


Y 
о о 
succinic anhydride methyl hvdrogen succinate 
(compound A) (compound B) 


The high-frequency IR absorption and the reaction with water to give a dicarboxylic acid suggest that this 
compound is the anhydride of a,a-dimethylmalonic acid. The formation of a half ester in the reaction with 
methanol also supports the hypothesis that this compound is an anhydride. 


[0] 
НС | 
Xo &,a-dimcthylmalonic anhydride 
НС 
О 


In most cases cyclic anhydrides show two carbonyl stretching absorptions. Can you think of a 
reason why this particular anhydride shows only one? (Hint: See Study Problem 12.2 on text p. 
584.) Is the missing carbonyl absorption at lawer or higher frequency than the one that is observed 
at 1820 cm™'? (Hinr: See Table 21.3, text p. 1054. and extrapolate from the absorptions of six-and 
five-membered cyclic anhydrides.) 


(a) Because phenols are very reactive in electrophilic substitution reactions, bromine in CCI, will effect 
bromination of the phenol ring as well as addition to the alkene double bond. (See Eq. 18.68 on text p. 


915.) 
i (i 
CHaNHCI CH) ЦСНСНСНС h 
| | И 
A Br 
vx SOR ЕРА addition 
| | occurs with anti stereochemistry 
"d i ee to give the enantiomeric (S.R) and (R,S) 
Br Y x Ny А E 
| stereoisomers in equal amounts. 
OH 


(b) Dilute aqueous NaOH will bring about ionization of the phenol to its conjugate-base phenolate ion. The 
amide is unaffected, because amide hydrolysis requires heat and strong base. 


1 uss ПМ өк eed ho e ра 9 e ed avers nthi mar dal pine vit ттс //otogle T 


(c) 


(d) 


(c) 


(f) 


(g) 
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о 
| 

CH5NHC(CH; h M 

с=с 

22. / \ 
| | H CHCH; h 
TW. P. 
UV “осн; 

| 

O Na" 


No significant reaction occurs with dilute aqueous HCl. (The carbonyl oxygen of the amide is 
protonated to a small extent.) 
Catalytic hydrogenation brings about addition of hydrogen to the alkene double bond. 


Oo 


[^ 

SM. AN 

bd “OCH, 
OH 

Depending an the conditions, hydrogenation of the single bond between the benzylic CH, and 


the nitrogen can also occur; such a reaction is called Aydrogenolysis. Because you have not 
studied this reaction, it is ignored. 


Heating the product of (d) in 6 M НСІ brings about amide hydrolysis. 


(It is also conceivable that some cleavage of the methyl ether will occur to give methyl chloride and the 


diphenol.) 
сн,Ќн, сг 
d о 
: | + нобсн,сн‹сн,ь 
^y^ “осн, 
OH 


The phenolate ion formed in part (b) is alkylated to give a second methyl ether group. 


о 
| 

CH3NHC(CH; ), H 

E "T / 

J с=с 

wae / \ 
H CH(CH; h 
м 
ОСН; 
OCH, 


On heating, the same amide hydrolysis observed in part (c) will take place. and the methyl ether will 
cleave. 


+ = 
CH »NH, Br 
AN О 
d E | 
CHBr + | | H НОСеСН CH(CHi» 
he he 
OH 
OH 
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Use the titration data to calculate the molecular mass of the ester. The amount of 1 M NaOH solution consumed 
in the saponification reaction is (15.00 mL — 5.30 mL) = 9.70 mL. Make the provisional assumption that there 
is one ester group per molecule of compound A. Then one mole of NaOH is consumed per mole of ester 
saponified, and the molecular mass of compound A is then 


2.00 g 


molecular mass of А = аша = 
(9.70 x 10° LX1.00 mol 1!) 


= 206 g mol! 


Next, try to deduce a structure from the data in the problem. The structure of compound C, the alcohol that 
results from the saponification of compound A, can be determined; it is the alcohol that can be oxidized to 
acetophenone. Therefore, compound С is 1-phenylethanol. 


OH 

| K3Cr;05 || 
Ph — CH— CH; ———— F Ph—C— CH, 
1-phenylethanol acetophenone 


(compound C) 


The molecular mass of compound С is 122 р mol '. Now, from the overall transformation of ester hydrolysis, 
the molecular mass of ester A must cqual the surn of the molecular masses of compounds B and C minus the 
molecular mass of Н.О, that is, 


molecular mass of A = 206 р mol '= molecular mass of В + 122 р mol '— 18 р mol ' 
or 
molecular mass of B = 206 р тої !+ 18 g mol '— 122 g mol'= 102 g mol! 


Compound B is a carboxylic acid; its carboxy group accounts for 45 molecular mass units. Therefore, the 
remainder of the carboxylic acid has a mass of 57 units, which is the mass of a butyl group. Because acid В is 
optically active. it is chiral; therefore the butyl group must contain an asymmetric carbon stereocenter. Only a 
sec-butyl group meets this criterion. The structures of compounds В and А are therefore 


CH; CH, O 
CH,CHxCHCOH CH4CH3CH — C— OCHPh 
| 
2-methylbutanoic acid CH3 


(compound B) 
1-phenylethyl 2-methvlbutanoate 


(compound A) 


As noted in the problem, the absolute configurations of the asymmetric carbons cannot be determined from the 
data. Hence. compounds B and € are cach one of two possible enantiomers, and compound А is the particular 
stereoisomer with the corresponding absolute configurations of its asymmetric carbons. Compound D is the 
racemate of compound C, and compound Е is the diastereomer of compound A with the following 
configurations: 

CH; ji REA T 
CH4CH34CH — С — OCHPh 


CH 
same configuration 3 


as compound A 


compound E 


(а) This is areprise of Problem 10.65 on text p. 509, which is answered on p. 297 of this manual. The very 
weak acid HCN is not significantly dissociated. Consequently, the solution is insufficiently acidic to 
effect protonation of the —OH group of the alcohol. This protonation is necessary to convert this group 
into a good leaving group Furthermore. there is virtually no cyanide ion (CN) present, and hence 
virtually no nucleophile to displace the —OH group. 

(b) First of all. an excess of an alcohol is generally required to drive acid-catalyzed esterification to 
completion. However, even if some of the adipic acid is converted into its ester, there is no reason why 
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this monoester would not be essentially as reactive as adipic acid itself, and the reaction mixture would 
ultimately contain a mixture of adipic acid, its monomethyl ester. and its dimethyl ester. The yield of the 
desired monoester would be poor, and it would have to be separated from both the di-ester and the 
unreacted adipic acid. 

(c) There is no reason why acetic acid should form an anhydride only with benzoic acid, and vice-versa: 
substantial amounts of acetic anhydride and benzoic anhydride should also be obtained. If all the 
reactions were totally random, the desired unsymmetrical anhydride would be formed in a maximum of 
50% yield. 

(d) Тһе hydroxide ion reacts much more rapidly with the O—H proton of the phenol than it does with the 
ester. (See Study Guide Link 20.1 on p. 659 of this manual for a discussion of this point.) Consequently. 
the one equivalent of hydroxide is consumed by this reaction. and no base is left to saponify the ester. 

(е) Several functional groups in the P-Iactam molecule are more reactive toward acid hydrolysis than the 
amide indicated. Because esters are more reactive than amides. the acetate ester will undouhtedly also 
hydrolyze under the reaction conditions. The £-lactam ring itself 15 an amide. and because hydrolysis of 
this amide relieves substantial ring strain. this amide should also hydrolyze more rapidly. Once the p- 
lactam hydrolyzes, the resulting enamine also should hydrolyze readily in acid. and the N—C—S linkage 
is also unstable toward hydrolysis in the same sense that an acetal is unstable. With so many faster 
competing processes, Klutz has no hope for a selective reaction. 


Determine the structure of compound В and reason backwards. Compound B is a diol because it gives a 
diacetate derivative С. Because compound B ts the diol that can be oxidized to B-methylglutaric acid. 
compound B is 3-methy]-1.5-pentanediol. 


NaOH 
compound А 242 X 
HCI 
n) LiAlHy (slow) 
2) О 
; TT o o 
CHaCOCCH:2 il ! 
HOCH4CH;CHCH5;CH;OH » CH:COCH;CH;CHCH3CH 30CCH4 
і 
CH; CH; 
3-methyl-1,5-pcntanediol compound C 


(compound В) 


Compound A can be neither a hydroxy acid, a dicarboxylic acid, an oxo acid, nor an ester of these. because it 
contains only two oxygens. If it has only one carboxy group (either as a carboxylic acid or an ester) then it 
must contain either a ring ora carbon-carbon double bond. The structure of the LiAIH, reduction product В 
rules out a carhon-carbon double band; hence, compound A contains a ring. Therefore, compound А is a 
lactone, and X is the sodium salt of the corresponding hydroxy acid. which is soluble in aqueous base. 
Compound A appears to dissolve when it is converted into the water-soluble compound X. 


о о 


| J 


б, м “ог № 
| н T: | 
HC—.. 7 HC H3C—K_ _W 
Biz x OH 
H H 
compound A X 


(a) The “alcohol” formed as one of the saponification products is an enol, which spontaneously reverts to the 
corresponding ketone. (See Eq. 14.5c on text p. 690.) 
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(b) 


(c) 


(d) 


(e) 


(f) 


(8) 


(h) 


C3H40 — € — ОСН; 


О 
CH,CO™ Na! + HOC=CH, ———» с=с-ащ 


h Ph 
an enol 


initially formed 
saponification products 
Transesterification of the formate ester occurs. 
О О 


|| [| 
CH,CCH,OH + CH,OCH 


The formula shows that the product includes the carbonyl group of phosgene (the acid chloride) minus 
two НСІ molecules. Because the product has an unsaturation number of 7, a ring must be formed. 
Because both amines and carboxylic acids can react with acid chlorides. the product. called isatoic 
anhydride, is simultaneously a cyclic anhydride and a cyclic amide (lactam). 


H 

Z N “c? о 
| isatoic anhydride 

A о 

c^ 

| 
О 
Both amino groups аге acylated by the excess of the acid chloride. 
O о 


|| |! 
Ph —C — NH — NH — С — Ph 
Both the amide and the nitrile are hydrolyzed. 
PhCOsH + НМСЊ СОН + NH, 


The cyclic amide is reduced to a cyclic amine. 


H 
N 


The Grignard reactions of lactones are much like those of esters, except that the alcohol displaced by the 
nucleophilic acyl substitution reaction remains as part of the same molecule. 


OH OH 
CH4CCHoCH3CH(CH:)4CH 4 
CH; 


Diethyl carbonate reacts first to give an ester, then a ketone. and then a tertiary alcohol (after 
protonolysis) in which all three groups attached to the a-carbon are the same. 
о о о OH 
R— Mera R—C— OCH; Ecl s C nmi НО', od, 
+ BrMg* СОСН» + BrMg* TOCH; R 
From this pattern, the product of the reaction given is 3-ethyl-3-pentanol (R = ethyl in the preceding 
tertiary alcohol structure). 
OH 
снусн,—С — CHCH; 3-ethyl-3-pentanol 
CHCH, 
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Lithium aluminum hydride reacts with acid chlorides in the same way that it reacts with esters, only 
faster. The product is (CH3);CCH;OH (2 2-dimethyl-1 -propanol). 


Because aldehydes are much more reactive than esters, only the aldehyde reacts when only one 
equivalent of the Grignard reagent is used. 


О ОН 
CHOC CH» 4CHPh 
methyl 5-hydroxv-5-phenylpentanoate 
Transesterification occurs to give three equivalents of methyl stearate and one of glycerol. 
OH он он 
3CH«CH»44CO;CH; + СН, СН СН, 
methyl stearate glycerol 


The ester group undergoes intramolecular aminolysis to form a y-lactam. Such intramolecular 
nucleophilic substitution reactions are very common when five- and six-membered rings can be formed. 
This is another manifestation of the greater rate of intramolecular reactions (Sec. 11.8 of the text). 


NH + CH,OH 


The odd molecular mass indicates the presence of an odd number of nitrogens. and the hydroxamate test 
and the IR carbonyl absorption at 1733 cm ' indicate the presence of an ester. The IR absorption at 2237 
cm ! indicates a nitrile. ‘Ihe triplet-quartet pattern in the NMR spectrum clearly indicates that compound 
B is an ethyl ester. Subtracting the masses of all the atoms accounted for leaves 14 mass units, the mass 
of a CH» group. Compound A is ethyl cyanoacetate. 
oO 

N =C —CH, E —OCH3CH; 

ethyl cyanoacetate (compound А) 
From its IR absorption, compound В is an ester. Thc formula indicates an unsaturation number of 1, 
which is completely accounted for by the ester carbonyl group. The chemical shift and splitting of the 
6 4.0 resonance indicates the part-structure —CHCH,O—. The hint in the figure caption indicates that 
the 6 1.6 resonance is the other CH; of this part-structure; because this consists of six lines, then a more 
complete part-structure for this group is CH,CH,CH,O—. The triplet at 6 0.95 is consistent with the 
methyl group of this part structure. This leaves an ethyl group unaccounted for: from its chemical shift, 
the CH; of the ethyl group is a to a carbonyl group. Compound В is propyl propionate. 


о 


|! 
Il 
CH,CH; —€ — OCH;CH;CH, 


propyl propionate 
(compound B) 


The odd molecular mass indicates the presence of nitrogen. The IR spectrum indicates the presence of 
both a nitrile and an alcohol. The broad, D:O-exchangeable resonance at 6 3.4 in the NMR spectrum 
confirms the presence of an O—H group. and the pair of triplets indicates a —CH,CH-.— group. 
Compound С is 3-hydroxypropanenitrile ( 8-hydroxypropionitrile). 
HO—CH:CH;CzN 3-hydroxypropanenitrile 
(compound C) 


The IR absorption indicates the presence of an ester. The doubled peaks in the mass spectrum indicate 
the presence of a single bromine. Consequently, compound D contains the elements СО» (from the ester) 
and Br. The remaining mass could correspond to CyHy. Therefore, adopt C4H4O.Br as a provisional 
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(e) 


(f) 


(8) 


formula. In the NMR spectrum, the triplet and the doublet at low chemical shift cannot be splitting each 
other. because their integrations are not consistent with such a situation. That is, a mutually split triplet 
(which indicates two adjacent hydrogens) and doublet (which indicates one adjacent hydrogen) must 
have an integral ratio of 1:2, not 1:1 as observed. Evidently, the two absorptions at 5 4.23 and à 4.37 are 
the resonances that are split by the two triplets at lower chemical shift. From their chemical shifts, some 
of these protons are probably a to the Br and some are probably a to the oxygen. If the ester is an ethyl 
ester, then the high-field triplet is the resonance of the methyl group. and, from its integration. the 
doublet is also due to a methyl group on a carbon adjacent to a СН. These deductions conspire to 
identify compound D as ethyl 2-bromopropanoate. 


О 
CHCH —C —ОСН›СН, 


Br 


ethyl 2-bromopropanoate 
(compound 1) 


The mass spectrum shows an odd mass, which indicates the presence of nitrogen. The IR spectrum could 
indicate the presence of a nitrile, although. if so, the CŒN absorption is about 50 стг! lower in 
frequency than the C==N absorption of an ordinary nitrile. The IR spectrum also indicates a trans alkene. 
The UV spectrum indicates extensive conjugation. This shift of the nitrile IR absorption is similar to that 
observed with conjugated carbonyl groups. and it suggests that the nitrile group is conjugated with the 
double bond. The NMR shows resonances for 7 protons. The large splitting in the resonances at 5 5.85 
and 8 7.35 confirms the presence of the trans alkene. Evidently, the apparent singlet at 6 7.4 corresponds 
to five protons, that is. to a monosubstituted benzene ring. Compound Е is (£)-3-phenylpropenenitrile. 


H C=N 


Ph. H 


(E)-3-phenyipropenenitrile 
(compound E) 


The unsaturation number is 5, and the NMR iesonances in the 8 6.8—7.4 region indicate a para- 
substituted benzene ring. The broad resonance at ё 7.6 could be an amide N—H, and the IR absorption 
at 1659 cm"! is confirmatory. The triplet-quartet pattern at à 1.4 and ô 4.0 could indicate an ethyl ester. 
but we reject this idea because there is no ester carbonyl absorption. Hence, this quartet is evidently due 
to a para-CH,CH,O— substituent on the ring. The singlet at 6 2.1 is at a chemical shift consistent 
possibly with an N-methyl group or with protons a to a carbonyl group. Here are two possible 
structures: 


1 — o 
| H 
cue у— —NHCH4 CH43CH50 <>) "NH —C—CH4 
4-ethoxy-N-methylbenzamide N-4-ethoxvphenvlacetamide 
(p-ethoxyacetanilide) 
(compound F) 


The absence of splitting in the ô 2.1 resonance rules out the first structure, for which we would expect a 
doublet for the N-methyl group. Hence. the second structure is the correct one. 

The IR absorptions indicate the presence of a primary amide; the odd mass is consistent with the 
presence of nitrogen. The weak CMR resonances are probably due to carbons that do not bear 
hydrogens. The ô 180.5 resonance is the amide carbonyl group: the resonance at 8 38.0 is a quaternary 
carbon. which, from its chemical shift, could be æ to the carbonyl carbon. Subtracting the mass of the 
carboxamide group from the mass of the molecule gives the remaining mass as 57 units, which is the 
mass of a CyHy group. Only a tert-butyl group has the symmetry required to fit the CMR data. 
Compound G is 2.2-dimethylpropanamide (pivalamide). 
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i 
| 
(СНС —С = ХН) 
2,2-dimethvipropanamide (pivalamide 
(compound С) 
(а) PCC can be used as an oxidizing agent instead of СгО (ругійіпе)». 
Br MgBr 1) O— CHCH;CHoCH; 
Mg 2) H,0* & 
ether = 
CH; CH; 
o-bromotoluene 
m ji 
CHCH3CH5CH; CCH5CH5CH; 
CrO 4 pyridine)» 
: ^» 
CH; CH; 
o-methylbutyrophenone 
(b) 
Br MgBr О 
Mg l) 
ether 2) H,0* 
bromocyclohexane 
ues QUHSCH;0H. I) KMnO. OH CH3CO;H 
EU i 2) НО? CH,OH (solvent) 
@ ташон pues 
E а H504 (catalyst) 
OH 
| 
CH3COSCH; 1) CHMgl (excess) CH,CCH, 
2) H,0* | 
————————— CH3 
1-cyclohexyl-2-methyl- 
2-propanol 
(c) 
о о о 
i ji i 
C—oH V as Сон 
heat y P — heat, 
c ОН e c ХН 
\ 
[ PA I 
phthalic acid 
о 
// à 
С b LiAIH, 
5 
je 389 5, NH 
/ 
C 
\\ 
о 
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(d) 
о о 
SOCI, d PhNH> 
HO — CCH,CH(CH s — ——>‹! CH,CH(CH;h i 
"* pyridine 
isovaleric acid 
о D LiAIH, 


|| 2) HiO* 
PhNH —CCH3CH(CHi LL -——— —CH CH CHICH, b 


(e) 

CH—O NaBH, СНОН tosyl chloride, CH OTs NaCN. 
CY pe CY Pridne —.— ridine | DMSO 
i e ad » 


о 
II 
CY DM CY CICCH;Ph CY 
2) HO — — 
—— 9 pyridine 
3) OH 
(f) 
" HO. C=N HO, CH NH; 
HCN AD H3. summ 
cyclohexanone 
(£) 
| 
сон HNO, COH Сс 
ee — 
PERO о о 
benzoic acid NO, NO; | 
pen Piet 
CO; Na* 
NO» 
(h) 
(1) (CHy;CuLi 
Ww 9 Ez a -- @) но” 
HO CH;CH;CH; OCH; —— Cl CH;CH;CH; Nue cr 
i 
| | | но" 
— — € — HC 6H— CH CH.CH,— É— OC = 
О 
0 
+ HOCH, 
НС 


The last step is а "transesterification" that results in lactone formation. Because of the proximity effect. 
the conditions should be considerably milder than the conditions for ordinary ester hydrolysis. 
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(i 
1) КМпО;, “OH, heat о 


) 
CH C 2 OCH 25.724 » HO | J OCH саа, Й 
HE ЭЕ GELS is ) те | 
p-methoxytoluene 
o CH4NH; р jme 
|| Nein 
ae )- cp, SEE, cng) OCH; 


G) 
о o o 
CH;OH | PhOH 
СІС СІ — —JÀM» CI—C—OCH; — —39» PhO—C— OCH, 
phosgene 
(excess) 
Ап excess of phosgene is used in the first step to ensure that only one chlorine is displaced. It is probably 
best to use methanol as the first nucleophile because phenyl esters are fairly reactive and cculd be 
transesterified by methanol if the order were reversed. 
(К) 


Mg 2) H,0* 
nee e Com BE (cms 


p-bromotolucne 


0 1 (CH); Cu" Li? А 
-78°C H,0 
[9] [9] 
| | 
H,C—C C—CH; 


(a) The reversible hydration of carbon dioxide to carbonic acid is an acid-catalyzed addition of water that is 
mechanistically identical to the hydration of aldehydes and ketones shown in Eq. 19.29a-b, text p. 966. 
о=с=0 H—Ol, a” o= с=0 н я? o-c—o—H ш? o—c—on 

ОН» Aon OH 


п он, + H—OH; 


(b) The first step forms a Grignard reagent. The carbon- magnesium bond is highly polarized towards carbon. 
and reacts to form an alkene and displace the carboxylate leaving group. 
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Mc 0 Wc P Ph CH, 
H3C H3C = ‚Ж | MP | = + 
о +№ ——- co — —» HC=CH —CH | CO; 'Mgl 
Ph Ph H 
онд б аы : 
Ph CH 
H30* | 
—— Н,С==СН — СН Б dus 
CH; 


(c) Protonation of the carbonyl oxygen produces a good leaving group which is displaced by bromide ion. 
The carboxy group is then esterified by the usual mechanism (Eqs. 20.18a—c. text pp. 1020-1). 


Ё "Ue ERE 

ha "x ao, \ L 

Br ae й бона + Cvs bn " 
H 


о о 
+ HOC3H; 
B | Y ap c a x oon 
) 1 =: y ^s 
j d (esterification) } d 25 


An alternative reasonable mechanism involves transesterification of the lactone by ethanol to give a 
hydroxy ester, followed by conversion of the alcohol to a bromide by an acid-catalyzed S42 reaction. 
(See Eqs. 10.21a-h, text p. 463.) However, it is likely that the mechanism shown above is the correct 
one, because the equilibrium between lactone and hydroxy ester is likely to strongly favor the lactone, 
and because a protonated carboxy group is an excellent leaving group. 

(d) А mercurinium ion forms by the standard mechanism (Sec. 5.4A). generating an equivalent of 
trifluoroacetate. The carbonyl electrons react with the alkene, which opens the mercurinium ion in a 
series of steps that are likely concerted, giving compound A. Sodium borohydride then exchanges the 
mercury for hydrogen. 


о 
| | ыйл. ань 
NY СОН + Но (ОССЕ, /, à CL) 
(CF.0)H9 7 OH 
о 
o fNCN I DAR 
0—H occ — 0 
(CF4CO;)Hg H (CF3CO,)Hg Å 
A 


О 
NNI б 
H 


(e) Protonation of the ring double bond gives a tertiary carbocation that reacts with the carbonyl oxygen of 
the ester to give the lactone. 


H w H H 
E ч | | К} (а) 
— NEF < 22 М, A 


Y^  ^COSCH; w соси, 77” “е A “co.cH, e 
X3! E AN = Л \ / 2s 
CH, ,C—OCH; CH; сосн; O- у 
a OCH 
2 O (HO H^ + ? 
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H 
pP seni > у “сосну —> LA CO,CH, —3 
0—C 0—C [> Сд 
As E ncs E 
HO+ OC H3 HO OC Hy H ОН, HO ‘o> óc H3 
Y 
d OH) H 


As an alternative to step (a) and the subsequent steps in the foregoing mechanism. water could react with 
the methyl group: 


ACORN H IS H 


grs CO4CH; al СОСН + 
yas й ———% TN " "cR H34C—OH, 
sf) ў № M (loss of a proton to 
О CH; Он, о water gives methanol) 


How might carrying out the reaction in "O-water enable one to distinguish between these two 
mechanisms? 


Addition of the Grignard reagent to the carbon-nitrogen triple bond is expected by analogy with carbonyl-group 
reactions. The product À is an imine. 


: *"MgBr — —3 Ph—C=NH + Bé. Mg^* СОН 
! ! 
Ph Ph 


Feast 
РЬ: MgBr compound A 


„>H ӧн 4 
/ e HO— H 
А. | НЕ 
Ph—c = Хи рь = ўн, + HÖ Е Ph =G = NH; proton transfers А 
\ +4 " | 
Ph Ph YW Ph 


compound А 


Ph —C— m — mons <-> ph —C + МН: —» Ph—C—Ph 
р Y Ph Ph 


No pari of dis Manual may be uploaded oi disi putec w tou! perm 17 Ог of the o bbhe: M уох f nd ar mic ir (tis mawa, Cease vs I Pnp pecol phant Ky padue edu/ -oudonm/e a hing: 


744 CHAPTER 21 + THE CHEMISTRY OF CARBOXYLIC ACID DERIVATIVES 


21.59 Compound A is an O-substituted oxime, which is formed by the mechanism summarized in Eqs. 19.60a-b on 
text p. 984. Compound A undergoes a base-promoted &-elimination in base to give the nitrile. (In the following 
mechanism, the 2.4-dinitrophenyl group is abbreviated Ar.) 


-DAR 


OH 
псам Oar <-> РЬ Саам + НОН + "OAr 
compound A 
21.60 (a) 
e. o 
О 
at 9 Koa 2 асо 
Cx +/MeNH—OMe ; ‚| | — | V 
R Cl EU SN кай 
OMe М OMe 
| 
s 
„ OMe + 
R^ NT @ я 
| ;N Cl 
We H 
Weinreb amide pyridinium chloride 
(b) The first reason that this intermediate doesn't break down is because the leaving group is especially 
unstable. 
9 o 
] à ДӘ, ў 
C... .. „ОМе n" жы. T „= 
gO” RL | 
— E m + Me— N— OMe 
i eel > E oe з= 
Ме unstable amide base, 
OMe further destabilized by 
clectroncgative oxygen 
Additionally. the lithium ton (or magnesium, if this were a Grignard reaction) complexes with the 
intermediate, stabilizing il, and helping it resist decomposition. 
җы 
От / 
R—G—N—Me 
R OMe 
(c) 
- TM 
О OH OH H 
P l Гм, AC OMS, nn 
uw Ч R Ey R — ous —— = 
К OMe К OMe R' OMe 
* 
рн | 1 ie 
C N—Me == С. + H—N-—Me 
R “к | R | 
OMe OMe 


=s = = ‘ule heel af eer ге Rete de pul еч fee ied ane nth. таг ш! prie vow tmp //otogle р магу Lat Pd. 
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..  OMe * 
e s + Bu „ч. —> к. РА 
| 


e ч 
OMe 


(e) | When the acid chloride reacts with a Grignard reagent, the reaction doesn't stop after just one addition: 
the ketone continues to react with the Grignard. which is usually present in excess. 


Compound А is an oxime (scc Table 19.3 on text p. 985). It is formed by the mechanism for imine formation 
summarized in Eqs. 19.60a-b on text p. 984. Protonation of the —OH group and loss of water (а) gives an 
electron-deficient nitrogen, a very unstable species. Subsequent rearrangement (2) gives a carbocation that 15 
somewhat resonance stabilized. (We say "somewhat" because incorporation of a triple bond within a seven- 
membered ring introduces considerable strain.) This cation reacts with water. and, after several proton-transfer 
steps. e-caprolactam is formed. 


COH Н—О$оун Ў LOH) Wis 
(a) (b) 
——- > os 
cyclohexanone -OSO.H 
oxime 0303 * OH; 
(compound A) 
P E - 0H N OH 
LI ~N Ut N = ү 
VP pa ке ДЫ \ m | she ae ы? ( SOH 
| \ OH; “OSOH | \ 
| me | » | — r 
kp _ —— ; 
= a Nace ge i 


an imidic acid 
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bow 
„оН AJ HS N о 
$ \ \ 
Ul H \ oH | „н 
P y Е N | apt NN 
r^ 35 bu í E OSOH | \ ; 
| \ «—» | Ў ==: ) + H—OSO;H 


€-caprolactam 


Steps (a) and (b) occur in a single concerted step because a species containing an electron-deficient nitrogen is 
very unstable. However. two steps are shown above to demonstrate the driving force for the rearrangement. 


21.62 (а) Because the carbony! group has trigonal-planar geometry, it must undergo internal rotation about the 
bond to the ring so that its plane is perpendicular to the plane of the benzene ring in order to avoid 
significant van der Waals repulsions with the ortho methyl groups. This occurs even though conjugation 


is lost. 
„СНз | сн; D 
\ OH / 
Ке С!" -— Hc [e 
3 » < H3 \ 
O OH 
CH, ka СНз 


conformation of 
lower energy 


van der Waals 
repulsions 


(b Remember that nucleophiles approach a carbonyl carbon from above or below the plane of the carbonyl 
group. (See Fig. 21.4 on text p. 1063.) In the “perpendicular” conformation shown on the right the path 
of a nucleophile to the carbonyl carbon is blocked on both sides by the ortho methyl groups. Because 
ester hydrolysis occurs by the nucleophilic reaction of a water molecule at the carbonyl carbon. this 
mechanism, and thus the hydrolysis reaction, cannot occur. 

(c) For the same reason that ester Avdrolvsis cannot occur, ester formation also cannot occur by any 
mechanism that involves the reaction of a nucleophile at the carbonyl carbon. Because acid-catalyzed 
esterification involves the nucleophilic reaction of an alcohol molecule at the carbon of a protonated 
carbonyl group, this reaction does not take place. However, esterification with diazomethane сап occur 
because the carboxylate oxygen reacts as a nucleophile with protonated diazomethane (see Eq. 20.21b on 
text p. 1023). The reaction is less susceptible to van der Waals repulsions because it takes place at an 
atom that is more remote from the ortho methyl groups. 


21.63 (a) Phthalic anhydride can be formed by the nucleophilic reaction of a carboxy group at the carbonyl carbon 
of the protonated amide. (Note that the amide carbonyl oxygen is about 10° times as basic as the 
carbonyl oxygen of the carboxylic acid; see Eqs. 21.4a-b on text p. 1058.) 


^ f 
ae - Ho / ví 
gw AA \ NH; P | NH) н--он, 

2 NY ^ NH, V N y | ж». Nei s a 
| ` 

| | » Oo = » | | о = > 
S20 ees ee d 

Б ра v ( І y 
>i \\ É x N 
OH *O-H Он, O 
\ 
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HO ^, + 'O—H NH o 
^ NH, | [| 3 г i 
FNA ANEREN AN" 
OH, + | E а Jj o =r O + 'NH, 
м. pu / M. — ML pu / 
“ X SS Y SY Y 
O O O 


phthalic anhydride 


(b) The phthalic anhydride is labeled with ''C оп only one of its two carbonyl carbons. However. the two 


carbonyl groups. except for isotopic differences. are chemically indistinguishable and therefore react at 
essentially equal rates with isotopic water: 


^ o 
о | || 
(а) C. » C 
х # `OH 2 # ^ OH 
О + 9,0 ——» + | 
OH хх. он 
(b) с^ c^ Р 
| 
о о О 
from the rcaction of from the reaction of 
isotopic water at isotopic water at 
carbonyl (a) carbonyl (^) 


(c) | Formation of the anhydride intermediate must he faster than hydrolysis by the usual mechanism; 
otherwise it would nat occur. Anhydride formation is an intramolecular reaction, whereas the ordinary 
hydrolysis mechanism is intermolecular. Intramolecular reactions that involve the formation of five- 
membered rings are usually much faster than their intermolecular counterparts. (The reasons for the 
advantage of intramolecular reactions are discussed in Sec. 11.8, text pp. 539-547.) Although the 
anhydride is formed very rapidly, it is also hydrolyzed rapidly because anhydrides are generally very 
reactive toward hydrolysis. Thus, the overall hydrolysis is accelerated because an anhydride 
intermediate is formed rapidly and then destroyed rapidly. 
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22.1 |lonization versus Nucleophilic Reaction at the Carbonyl Carbon 


One of the things you learned about Bronsted bases is that they can usually act as nucleophiles. 
and that nucleophiles react at the carbon atoms of carbonyl groups. Yet in Eqs. 22.3 and 22.4 of 
the text (p. 1104). bases are shown removing protons. You might be wondering. "What is the 
major reaction: nucleophilic reaction at thc carbonyl carbon. or removal of an a-hydrogen to give 
an enolate ion?" The answer is that both can occur. This section of the text focuses on the proton 
removal. but later sections of this chapter show the interplay between both types of reactions. 
Nevertheless, it might help you to see just one example here. 

Suppose an ester is treated with aqueous NaOH. Recall (Sec. 21.7A) that NaOH saponilies 
esters. Saponification results from a nuclcophilic reaction of hydroxide ion at the carbonyl carbon 
of an ester. However. while saponification is taking place. hydroxide ion removes the a-protons of 
а few ester molecules to form some enolate ions. This reaction has no consequences for 
saponification because saponification occurs much more rapidly than the reactions of enolate ions 
(many of which are discussed in this chapter). For this reason. it was not important to consider 
enolate-ion formation in the discussion of saponification. 

The point of this chapter is to focus on situations in which enolate ion formation is significant. 
and ultimately on what happens when both proton removal and nucleophilic reaction at a carbonyl 
carbon can occur. 
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LT 22.2 Kinetic versus Thermodynamic Stability of Enols 


When we think of unstable organic compounds we often think of molecules containing strained 
rings or molecules containing van der Waals repulsions. The structures of enols have no such 
destabilizing features. Yet enols in most cases cannot exist for significant lengths of time. while 
other less stable molecules can be put in bottles and stored for years. Why this seeming 
contradiction? 

The essence of this problem is the meaning of the word stabiliry as applied to chemical 
substances. Thermodynamic stability is a term used to describe the relative energy contents of 
molecules. In general. thermodynamic stability has very little to do with whether a compound can 
be isolated. Kinetic stability is a term used to describe how rapidly molecules revert to more stable 
molecules. In order for a molecule to be kinetically unstable, а mechanism must exist for its 
conversion into a more stable molecule. For a compound to be kinetically unstable, it must be 
thermodynamically unstable, but the converse need not be true. Some thermodynamically unstable 
compounds are easy to isolate because they are kinetically stable. For example. almost all 
hydrocarbons in the presence of oxygen are thermodynamically unstable relative to CO; and Н„О 
by hundreds of kJ mol"; yet hydrocarbons do not rapidly revert to CO; and HO because there is 
no readily available mechanism by which this conversion can be accomplished. If we supply a 
flame. however, such a conversion mechanism becomes available—we call it combustion—and we 
see very graphicallv how unstable hydrocarbons really аге! 

Examples of kinetic stability and instability in carbonyl chemistry are provided by acetals 
(Sec. 19.10. text pp. 978-983) and carbonyl hydrates (Sec. 19.7B. text pp. 967-969). The hydrate 
of cyclohexanone is both thermodynamically and kinetically unstable with respect to the ketone 
and water: 


the hydrate cyclohexanone 
of cyclohexanone 


Yet replacing the O—H hydrogens with alkyl groups gives compounds called acetals that are 
thermodynamically unstable. but kinetically stable, in neutral and basic solution. 


СНО OCH; о 
too slow 
HO + MM Pp. * 2CH,0H 
ЕЧ < al 
cyclohexanone cyclohexanone 


dimethyl acetal 


{1,1-dimethoxy- 
cyclohexane) 


The basc-catalyzed mechanism of hydrate decomposition requires the presence of an O—H 
hydrogen, which acetals lack. Hence, the base-catalyzed pathway of hydrate decomposition cannot 
operate with acetals. Therefore, acetals, although thermodynamically unstable relative to their 
corresponding carbonyl compounds, are kinetically stable in basic solution. This is why acetals are 
good protecting groups for carbonyl groups under basic or neutral conditions. Under acidic 
conditions, however, acetals are kinetically unstable because an acid-catalyzed mechanism exists 
for their conversion into ketones. 

The thermodynamic stabilities of most enols are not much less than the stabilities of their 
corresponding carbonyl isomers—typically, about 30—40 kJ mol ! (7-10 kcal mol '). What makes 
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HOH; 
OH 
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enols difficult to isolate is their kinetic instabilities. Simple paths, or mechanisms, exist for their 
rapid transformation into carbonyl compounds in the presence of acids or bases; these mechanisms 
are shown in Eqs. 22.17a-b in the text (p. 1112). Enols are kinetically unstable molecules because 
the conditions under which they are converted into carbonyl compounds—the presence of acids 
and/or bases—are so prevalent. It's hard to generate an enol without an acid or base around. In 
fact, enols themselves are weak acids, and can catalyze their own slow conversion into ketones. 
Enols simply don't stand much of a chance for survival. 

In the mid-1970s, chemists figured out ways to generate simple enols in solution in the 
absence of other acids and bases and, indeed. found that they could be isolated and observed for 
significant periods of time. 


22.3 Dehydration of 8-Hydroxy Carbonyl Compounds 


At first sight. the dehydration of -hydroxy carbonyl compounds would appear to be an ordinary 
acid-catalyzed dehydration as discussed in Sec. 10.2 of the text. Recall that. in the mechanism of 
such a dehydration, protonation of the hydroxy group is followed by a Lewis acid-base disso- 
ciation to form a carbocation and water: 


R 


+ 
o оон, o o 
| | | | + | 
HyC—C—CH, —C—Ch, же? Hc —C—CH, — —CH, ч AC —C—C, —C—CH, + B0 
| | 
CH; CH; CH; 
+ H,O 
A 


A Н: 

H,C —C —CH —C —CH, 4? Hc —С X 
I 

CH; 


LA 


Loss of a C—H proton from carbocation A gives the a. -unsaturated ketone. However, a different 
mechanism—and, as it turns out, the correct one—is possible. This mechanism involves dehydra- 
tion not of the ketone. but instead of the enol. 


OH о OH OH 


| 
CH; CH; 


| | | | 
H.C ү CH; — —CH, 4” нс—с—сн=С—сн, 


an enol form 


The dehydration involves protonation of the —OH group. formation of carbocation B, and loss of 
a proton from this carbocation: 


n + LEN Qa diee D 
CH 2-С —СНу + HO ——® HC —C =CH — € —CH, 
CH; CH, 
+ HO 


The reason the enol mechanism is favored is that carbocation В is much more stable than 
carbocation A. Can you see why? Draw resonance structure(s) for carbocation B. Is carbocation A 
resonance-stabilized? What is the polar effect of the carbonyl group on the stability of carbocation 
A? 


22.4 Understanding Condensation Reactions 
Condensations such as the aldol condensation and its variants, as well as the other reactions you'll 


encounter in Chapter 22. present a particular challenge to the beginning student, because the 
products are somewhat more complex than the products of many typical organic reactions, and 
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because more than one functional-group transformation is involved (an addition followed by a 
dehydration). The way to develop an understanding of these reactions is to write the mechanism of 
cach new reaction you see. First, identify the sources of the atoms in the product. (See suggestions 
1-3 in Problem 4.65, text p. 179; the discussion in Sec. 22.4D of the text should also be useful.) 
Use the base-catalyzed reaction of acetaldehyde (Eqs. 22.40a-b. text p. 1120. and Eq. 22.44, text 
p. 1121) and the acid-catalyzed reaction of acetone (Eqs. 22.46a-c. text pp. 1122-1123) as 
models. If you stil] have difficulty, seek assistance! You should have taken this approach with the 
crossed-aldol products in Study Problem 22.1 on text p. 1124. Be sure you understand the 
reactions shown in Eqs. 22.47 and 22.48 on text pp. 1124-1125. If you work through these 
examples, the reaction in Eq. 22.53 on text p. 1128 should be clear. The only thing different in this 
case is that the condensation occurs internally. Which carbons of the starting material arc joined in 
the product? What is the structure of the enol intermediate involved? Use Eq. 22.46c on text p. 
1123 to help you understand the formation of the carbon-carbon bond. 

Just as in a sport, or in music. or in any other worthwhile endeavor, improving your skill 
requires practice. If you are concerned or discouraged that these transformations are not 
immediately obvious. don't be! Thcy are тоге likely to become easier to understand, however, if 
you'll take the approach described here. 


22.5 Variants of the Aldol and Claisen Condensations 


Many variations of the aldol and Claisen condensations exist. The text has considered a few: the 
Claisen-Schmidt. Reformatsky, and Knoevenagel variations of the aldol condensation. and the 
Dieckmann variation of the Claisen condensation. Possibly you'll hear of the Perkin condensation, 
the Stobbe condensation, or other variations that have no name. To cover all these in a text of 
reasonable (or even unreasonable) size is neither possible nor even necessary. For if you master 
the principles of reactivity contained in Chapters 21 and 22. understanding variations of these 
condensation reactions will only be a matter of re-applying the principles. In fact, mastering these 
principles might even allow you to invent your own condensation reaction! 


22.6 Further Analysis of the Claisen Condensation 


If you imagine the Claisen condensation on an ester of general structure A, you'll see that 
saponification and decarboxylation must yield a symmetrical ketone of general structure C. (A 
symmetrical ketone is a ketone in which the two groups attached to the carbonyl carbon are the 
same.) 


o о о 


Claisen | saponification decarboxylation 
i aponificati ЧЕ xylati 


| 
2 RCH4COE: 7 — RCHSCCHCO;E! > КСН,ССН,К 


А R C 
н (a symmetrical ketone) 


(Be sure to go through this case in detail to verify the foregoing statement.) Alkylation of the 
Claisen product B can lead to a variety of substituted derivatives of C. For example. treatment of B 
with NaOEt, then a general alkyl halide R — 1I. would give, after saponification, acidification, and 
decarboxylation, a general derivative D. 


| ` 
RCH,—C —CHR = symmetrical ketone structure 
р R 


Notice the symmetrical ketone structure “lurking” as the circled part of D. 
When you are asked to prepare a ketone Бу the Claisen condensation, look for such 
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symmetrical-ketone “substructures” within the target molecule. Problems 22.40 and 22.41 (text p. 
1152) give you practice in applying this strategy. 


LT 22. Synthetic Equivalents in Conjugate Addition 


Study Guide Links 17.1 (p. 507 of this manual) and 20.4 (p. 661 of this manual) discussed the 
notion of synthetic equivalents (and the corresponding property. synthetic equivalence), that is, 
thinking of one group in terms of other groups from which it might be formed. This notion is 
particularly useful in planning conjugate additions. In Study Problem 22.6 on text p. 1164, for 
example. the di(ethoxycarbony])methyl anion (:CH(COSEU,. the conjugate base of diethyl 
malonate.) is used as the synthetic equivalent of a carboxymethyl anion ( :CH5;COSH), which itself 
cannot exist. (Why can't this anion exist?). 
What are some other synthetic equivalents that are useful in conjugate-addition reactions? 


ч -l 
:CN iscquivalent to :C— OH (scc Eq. 22.99 on text p. 1157) 


:CN is also equivalent to :CH— NH; (sce Sec. 21.9C on text p. 1082) 
О О 


А | - | 
T — С — А is equivalent to :CH; — C — R (sce Eq. 22.87 on text p. 1150) 


СОЕ! 


(You should show how each group can be converted into the other, for example. how а —C==N 
group can be converted into a —CH,;NH,; group.) 

When you can start thinking in terms of synthetic equivalents you really have started to 
master the art of organic synthesis. 
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FURTHER EXPLORATIONS 


22.1 Malonic Ester Alkylation 


In Eq. 22.77h of the text (p. 1146), a secondary alky] halide is used to alkylate the enolate ion of 


malonic ester. When you studied the S42 reaction. you learned that a side reaction is E2 
elimination. and that this side reaction is particularly prevalent with secondary and tertiary alkyl 
halides. Because the product of Eq. 22.64b is formed in high yield, elimination is evidently not a 
problem in this case, and one might ask why. 

Recall (Sec. 9.5G) that. although most strong bases are good nucleophiles, a number of 
relatively weak bases are also good nucleophiles, and that branched or secondary alkyl halides 
undergo Sy? reactions with such nucleophiles with little interference from E2 reactions. (Note 
particularly the example in Eq. 9.48 on text p. 416.) The enolate ion of diethyl malonate is in this 
category. Chemists have found that delocalized (that is. resonance-stabilized) carbanions such as 
enolate ions are particularly good nucleophiles (for reasons that are not completely understood). 
Consequently, the $2 reaction is particularly rapid for these anions. and the E2 reaction does not 
interfere unless highly hranched secondary or tertiary alkyl halides are used. 


22.2 Alkylation of Enolate lons Derived from Ketones 


The acetoacetic ester synthesis requires the presence of the ester group of a B-keto ester; this 
group is then “thrown away" by hydrolysis and decarboxylation at the end of the synthesis and 
replaced by a hydrogen. For the same reasons that carboxylic acids with quaternary a-carbons 
cannot be prepared by the malonic ester synthesis. ketones with quaternary a-carbons cannot be 
prepared by the acetoacetic ester synthesis. For example. suppose we want to prepare 2,2- 
dimethylcyclohexanone: 


quaternary carbon 


2 


Ж СНз 2.2-dimethylcyclohexanone 


Although 2-methylcyclohexanone is easily prepared by a Dieckman condensation-alkylation 
sequence, introduction of the second methyl group is not ш in such а reaction scheme. 

Why not. then. resort to the strategy used in Sec. 22.8B of the text? 2-Methylcyclohexanone 
could be alkylated directly by forming its enolate ion with a strong base such as LDA or LCHIA 
and treatment of that enolate with methyl iodide: 

о о [9] 


H AF 
CH3 


AQ УЫ 
та ™CH, В; (strong base) di 9 e o C н; 


Can you see the problem with this approach? With an ester. only опе enolate ion is possible. But 
with a ketone, in general rwo enolate ions are possible: 
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‚- J CH, = CH, 


í | and 


The problem. then, is how to form one enolate and not the other. and to keep the two enolate ions 
from equilibrating once the desired one is formed. 

But the problems don't stop here. Suppose a way could be found to form the desired enolate 
ion. An additional problem is that enolate ions can react in more than one way. The enolate ions of 
ketones are not only nucleophilic at carbon; they are also nucleophilic at oxygen: 


(e о: :0 1 
-re 
D CH; CH; 
sicci | 
reaction reaction 
СН | at carbon SH. c oxygen 
Y 
:0: CH; —ó; 


Н, CH; 
- x - 
I + CH; | +1 


а vinyl ether 


Alkylation at oxygen gives a vinyl ether—sometimes called an enol ether, because conceptually it 
is derived by replacement of the —OH hydrogen of an enol with an alkyl group. In general. both 
products are formed. (Alkylation of oxygen is not usually observed with esters because enols of 
esters—and спо! ethers of esters—are much less stable relative to their parent esters than enols of 
ketones are; see Eq. 22.13 on text p. 1110.) 

Direct alkvlation of ketones. then, is a much more complex problem than alkylation of esters. 
Nevertheless, chemists have discovered ways to control. in many cases, which enolate ion is 
formed. and to control which alkylation product is produced. (The selective formation of enolates 
was discussed in Section 22.4C, text р. 1123.) These solutions, although beyond the scope of an 
introductory text. are conceptually not difficult to understand if you understand the principles of 
enolate-ion chemistry. 


22.3 Conjugate Addition of Organocuprate Reagents 


Although the mechanism presented in the text is conceptually useful. it does not explain the effect 
of copper in promoting conjugate addition. Because carbonyl addition rather than conjugate 
addition is observed in the absence of copper. it is evident that copper has a special effect. A 
substantial body of evidence has shown that conjugate-addition reactions of lithium organocuprate 
reagents involve free-radical intermediates. and that conjugate addition is a consequence of a free- 
radical mechanism. 
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U 


1. a-HALOGENATION OF CARBONYL COMPOUNDS 


|| REACTION REVIEW 


А. ACID-CATALYZED a-HALOGENATION OF ALDEHYDES AND KETONES 
1. Halogenation of an aldehyde or ketone in acidic solution usually results in the replacement of опе a- 
hydrogen by halogen. 
a. Enols are reactive intermediates in these reactions. 
b. Enols add only опе halogen atom. 
о н о Rh 


H,0° ji n. | 
-Ç ki P EL G—C -> С—С + НВ 


rate-limiting step enal 


2. The rate law implies that even though the reaction is a halogenation. the rate is independent of the halogen 
concentration. 


rate = K[ketone][|H3O*] 
a. Halogens are not involved in the transition state for the rate-limiting step of the reaction. 
b. Enol formation is the rate-limiting process in acid-catalyzed halogenation of aldehydes and ketones. 
3. Introduction of a second halogen is much slower than introduction of the first halogen. 


B. HALOGENATION О! ALOLHYDLS AND KETONES IN BASE: 1HE HALO! ORM REAC IION 


1. Halogenation of aldehydes and ketones with a-hydrogens also occurs in base: all a-hydrogens are 
substituted by halogen. 


| Br» | | 
CH4—C —CH » С C 
Е: OH | | 

Br 


| во B 
C 


2. When the aldehyde or ketone starting material is either acetaldehyde or a methyl ketone, the trihalomethyl 
carbonyl compound is not stable under the reaction conditions. and il reacts further to give. after 
acidification of the reaction mixture, a carboxylic acid and a haloform. 


О О о 
Вг), NaOH 1 OH | 
_с-—сну —^"— > —C—cCB, —3À —C—0 + HCBr 
+ 3NaBr bromoform 
(a haloform) 
+ 3H40 


a. This reaction is called the haloform reaction. 
b. A carbon-carbon hond is broken. 
3. The mechanism of the haloform reaction involves the formation of an enolate ion as a reactive 
intermediate. 
a. The enolate ion reacts as a nucleophile with halogen to give an a-halo carbonyl compound. 
b. A dihalo and trihalo carbonyl compound are formed more rapidly in successive halogenations. 
с. A carbon-carbon bond is broken when the trihalo carbonyl compound undergoes а nucleophilic acy] 
substitution reaction. 
i. The leaving group in this reaction is a trihalomethyl anion. which is much less basic than ordinary 
carbanions. 
ii. The trihalomethyl anion reacts irreversibly with the carboxylic acid by-product to drive the overall 
haloform reaction to completion. 
iii. The carboxylic acid itself can be isolated by acidifying the reaction mixture. 


1! may be u | zr Эт ёле гос 5 ol thé punin” ч Куг. fd as eoi ^ the тап. 41 pies x: e p purdue хот Ле м hing 


REACTION REVIEW + CHAPTER 22 757 


о Oo 0 о 
j HO: | Вг» | Bi4/OH i| OH 
C ——» oe. —»»- с № ---—- С —» 
R СН; R CH; R СН; twice R «Ві C—C bond 
enolate ion + Br more + 28° cleavage 
o o 
C + CBy ж P C. + HCBr 
R OH R о 


4. The haloform reaction сап be used to prepare carboxylic acids from readily available methyl ketones. 
5. The haloform reaction is used as a qualitative test for methyl ketones, called the iodoform test. 
а. А compound of unknown structure is mixed with alkaline I}. 
b. A yellow precipitate of iodoform (HCI) is taken as evidence for a methyl ketone (or acetaldehyde). 
OH 


| 
c. Alcohols of the structure К -CH — CH, also give a positive iodoform test because they are oxidized to 
methyl ketones (or to acetaldehyde, in the case of ethanol) by the basic iodine solution. 
С. a-BROMINATION OF CARBOXYLIC ACIDS: THE HELL- VOLHARD- ZELINSKY REACTION 
l. A bromine is substituted for an a-hydrogen when a carboxylic acid is treated with Br; and a catalytic 
amount of red phosphorus or РВгз; this reaction is called the Hell-Volhard-Zelinsky (HVZ) reaction. 
2. The first stage in the mechanism of thís reaction is the conversion of the carboxylic acid into a small 
amount of acid bromide by the catalyst РВ гі. 
a. The acid bromide enolizes in the presence of acid: this reaction is similar to the acid-catalyzed 
bromination of ketones. 
b. Theenol of the acid bromide is the species that actually brominates. 


[9] о \ OH 
| PBr, im. i / Вг, 
—CH—C—OH ————» ——CH—C—B q бе ——» 
catalyst / 
епо! 
Г о P o [9] 
|| ЕСОН || || 
—€—C—Br ————— 3» ——C€—C—OH + R—C—Br 


i. When a small amount of PBr; catalyst is used, the a-bromo acid bromide reacts with the carboxylic 
acid ta form more acid bromide, which is then brominated. 
ii. If one full equivalent of PBr; catalyst is used, the a-bromo acid bromide is the reaction product. 


iii. The reaction mixture can Бе treated with an alcohol to give an a-bromo ester. 
D. RLACUONS OI. a- HALO CARBONYL COMPOUNDS 


1. Most a-halo carbonyl compounds are very reactive in S42 reactions, and can be used lo prepare other a- 
substituted carbonyl compounds. 


n 


In the case of a-halo ketones, nucleophiles used in these reactions must not be too basic. 

a. Stronger bases promote enolate-ion formation: and the enolate ions of a-halo ketones undergo other 
reactions. 

b. More basic nucleophiles can be used with a-halo acids because. under basic conditions, a-halo acids 
are ionized to form their carboxylate conjugate-base anions. and these do not undergo the side-reactions 
that a-halo ketones undergo. 


3. a-Halo carbonyl compounds react so slowly by the S41 mechanism that this reaction is not useful; 
reactions that require the formation of carbocations alpha to carbonyl groups generally do not occur. 


Il. CONDENSATIONS INVOLVING ENOLATE IONS AND ENOLS OF ALDEHYDES AND KETONES 


A. BASE-CATALYZED ALDOL ADDITION AND CONDENSATION REACTIONS 


1. In aqueous base. aldehydes and ketones with a-hydrogens undergo a reaction called the aldol addition. 
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o | он о 
11 H»V, UH. | 
2 —€—G—R ш = —€—6—C—C—R 
H н к 
an aldehvde or ketone a B-hvdroxy aldehyde or ketone 
a. The term aldol is both a trivial name for 3-hydroxybutanal and a generic name for fi-hydroxy 
aldehydes. 
b. The aldol addition is a very important and general reaction of aldehydes and ketones thal have a- 
hydrogens. 


c. The aldo] addition is another nucleophilic addition to a carbonyl group. 


2. The base-catalyzed aldol addition involves an enolate ion as an intermediate; the enolate ion adds to a 
second molecule of aldehyde or ketone. 


^H о | о О 
OH а. > 
^CH;—C—H q HO + | H,c—C—H 4—8 НСС Н 
an enolate ion 
‘ о HÓ-H" ,, f HO он o 
* {| 
H C—H H3C—C—H ж#н G—CH,—C—H ZEE. НС — ф-н: —С—н 
^ J 
b AE; H H aldol 


3. The aldol addition is reversible. 
a. The equilibrium for the aldol addition is much more favorable for aldehydes than for ketones. 
b. For example, the aldol-addition product of acetone is obtained only if an apparatus is used that allows 

the product to be removed from the base catalyst as it is formed. 

4. Under severe conditions (higher base concentration and/or heat), the product of aldol addition undergoes a 
dehydration reaction. (The sequence of reactions consisting of the aldol addition followed by dehydration 
is called the aldol condensation; a condensation is a reaction in which two molecules combine to form a 
larger molecule with the elimination of a small molecule. in many cases water.) 


О OH о Q 
79 li = __ Он » | OH : | 
2R—CH.— —H «4 R—CH;—CH-—CH—C—H R—CH.—CH=C—C—H 
` additior Б | dehydration 
via enolale R R 


a. The dehydration part of the aldol condensation is catalyzed by base. and occurs in two distinct steps 
through a carbanion intermediate. 
b. Base-catalyzed dehydration reactions of alcohols are unusual: B-hydroxy aldehydes and f-hydroxy 
ketones undergo base-catalyzed dehydration because— 
1. the a-hydrogen is relatively acidic. 
ii. the product is conjugated and therefore particularly stable. 
5. The product of an aldol addition-dehydration sequence is an a,8-unsaturated carbonyl compound. 


6. The aldol condensation is an important method for the preparation of certain a.ff-unsaturated carbonyl 
compounds. Whether the aldol addition product or the condensation product is formed depends on the 
reaction conditions, which must be determined on a case-by-case basis. (See Section 22 4B. text p. 1122.) 


B. ACID-CATALYZED ALDOL CONDENSATION 
1. Aldol condensations are also catalyzed by acid. 
a. Acid-catalyzed aldol condensations generally give a,B-unsaturated carbonyl compounds as products. 
b. The addition products usually cannot be isolated. 
2. Both the conjugate acid and the enol isomer of the aldehyde or ketone are key reactive intermediates. (See 
Eqs. 22.46a-b on text page 1122-1123 for a detailed mechanism.) 


3. The a-hydroxy aldehyde or ketone formed in the reaction spontaneously undergoes acid-catalyzed 
dehydration to give an а, -unsaturated carbonyl compound: this dehydration drives the aldol condensation 
to completion. 
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OH о 


ню” H,0* | 


RCH,—C—CH —C—CH;R = RCH.—C—C—C—CHjR 
E - dehydration Е B 


» 


|| 
2 ЕСН.——С—СН-Е = 
= Б addition 


via enol RCH» R ЕСН. R 


C. SPECIAL TYPES OF ALDOL CONDENSATION 


1. When two different carbonyl compounds are used. a crossed aldol condensation occurs: in many cases, the 
result is a difficult-to-separate mixture. 

2. Under the usual conditions (aqueous or alcoholic acid or base), useful crossed aldol condensations as a 
practical matter are limited to situations in which a ketone with a-hydrogens is condensed with an aldehyde 
without a-hydrogens. 

3. An important example of this type of crossed aldo! condensation is the Claisen-Schmidt condensation. 

a. A ketone with a-hydrogens is condensed with an aromatic aldehyde that has no a-hydrogens. 
О о H,0* OH о H,0* о 
|| || _condensation nn d dehydration 


С. C єн С. 
Ph н HC” “cH, > 7 рь CH; CH; 


via enol 


» Ph—CH —CH—C—CH, 


not isolated 


b. The Claisen-Schmidt condensation occurs instead of other competing processes for three reasons: 
i. Because the aldehyde has no a-hydrogens, it cannot act as the enolate or enol component of the aldol 
condensation. 
ii. Addition of the ketone enolate or enol to a ketone occurs more slowly than addition to an aldehyde; 
aldehydes are more reactive than ketones. 
iii. The aldol addition reaction is reversible; thus, to the extent that this side reaction occurs, it is 
reversed under the reaction conditions. 
€. The Claisen-Schmidt condensation, like other aldol condensations, can he catalyzed by either acid or 
base. 


4. When a molecule contains more than one aldehyde or ketone group, an intramolecular reaction (a reaction 
within the same molecule) is possible; the resulting formation of a ring is particularly favorable when five- 
and six-membered rings can be formed. 


| 


^ XHaà-C—CH, 


condensation | N { 


5. Directed aldol reactions involve pre-forming one enolate ion at cold temperatures, then adding the second 

ketone or aldehyde, thus promoting only the desired reaction. 

a. A strong, non-nucleophilic amide base such as LDA is used to generate the first enolate ion selectively 
(see Reactions IV.C.1. in this section). 

b. A different aldehyde (or ketone) is added to the solution containing the enolate ion, and only one aldol 
reaction occurs. 

c. Generally, the resulting ketone is less reactive than the starting aldehyde, so side reactions are not 
favored. 


IIl. CONDENSATION REACTIONS INVOLVING ESTER ENOLATE IONS 


А. CLAISEN CONDENSATION 
1. The Claisen condensation is used for the formation of f-dicarbonyl compounds (compounds with two 
carbonyl groups in a f-relationship), particularly— 
a. keto esters (compounds in which a ketone carbonyl group is B to an ester carbonyl group) 
b. B-diketones (See Sec. 22.6D, text p. 1138.) 
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o o о o о 
І П. un H:0° t І 
БО + 2 RCH3C— ОН: —_— "euo Wo ——» Dor NÉ RN 
an ester R R 
+ ErOH a B keto ester 
о о е) о о 
|| iu II II Кен ll | 
ЕО + RCH CR + -C — OE! » sii. C» -C —GH — GR 
| 
a ketone an ester R R 
+ EtOH a B-diketone 


2. The mechanism of the Claisen condensation: 


a. An enolate ion is formed by the reaction of an ester with ethoxide as the base. (Although the ester 
enolate ion is formed in low concentration. it is a strong base and good nucleophile.) 


—: ^ и о о о 


R-*cH СОЕ =>” |R-CH—C-OE <> R-—CH—C-- OE! 


b. The ester enolate undergoes a nucleophilic acyl substitution reaction with a second molecule of ester. 


g5 Q 9) 
- 2 | c 
R—CH,—C—OEt + R—CH—C—OE «> R—CH,—C—CH —C—OEt ч зан ә 


a Gort R 


EO + R—CH,—C—CH—C—OEt 
R 


с. The overall equilibrium favors the reactants; that is, all -keto esters are less stable than the esters from 
which they are derived. 
d. The Claisen condensation has to be driven to completion hy applying Le Chátelier's principle. 
i. The most common technique is to use one equivalent of alkoxide catalyst. 
ii. The hydrogens adjacent to both carbonyl groups in the f2-keto ester product are especially acidic (pK, 
= 10-11): the alkoxide (conjugate acid pK, = 16) removes one of these hydrogens to form 
quantitatively the conjugate base of the product. 


EO — ү, 
| | 26 | 
R—CH,—C—C—C—OE a > R—CH.1—C—C—C— OE: + EtOH 
к R pK, = 16 


pK, = 10-11 
e. The un-ionized {keto ester product is formed when acid is added subsequently to the reaction mixture. 


ji n n 
m но | | 
R—CH,—C—C—C— ОЕ SS > R—CH,—C—CH—C —ОЕ 


К R 


3. Attempts to condense an ester that has only one a-hydrogen result in little or no product, hecause the 
desired condensation product has no a-hydrogens acidic enough to react completely with the alkoxide. 


B. DIECKMANN CONDENSATION 


1. Intramolecular Claisen condensations take place readily when five- or six-membered rings can be formed. 
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о 
———C—OEt ы 20 
í 1) EtO F: g 
L ~ „О 2)H,0* AT _OEt 
7e | c 
о [e 


2. The intramolecular Claisen condensation reaction is called the Dieckmann condensation. 
3. As with the Claisen condensation, one equivalent of base is necessary; the a-proton must be removed from 
the initially formed product in order for the reaction to be driven to completion. 


C. CROSSED CLAISEN CONDENSATION 


1. The Claisen condensation of two different esters is called a crossed Claisen condensation; the crossed 
Claisen condensation of two esters that both have a-hydrogens gives a mixture of compounds that are 
typically difficult to separate. 


M 


Crossed Claisen condensations are useful if one ester is especially reactive or has no a-hydrogens. Formate 


esters and diethyl carbonate (a less reactive ester that is used in excess) are frequently used in this type of 
reaction. 


no a-hvdrogens үн o - о о 
^ „но 
смсс + R CH» C—OEt „> G C—COH C OEt 
2) H0 
ethyl formate (С = Н) Е 


diethyl carbonate (6 = ЕО) 


3. Another type of crossed Claisen condensation is the reaction of ketones with esters. 


а. 


О ) 


In this type of reaction the enolate ion of a ketone reacts as a nucleophile at the carbonvl group of an 

ester. 

i. The equilibrium for the aldol addition of two ketones favors the reactants, whereas the Claisen 
condensation is irreversible because one equivalent of base is used ta form the enolate ion of the 
product. 

ii. Ketones are far more acidic than esters; the enolate ion of the ketone is formed in much greater 
concentration than the enolate ion of the ester. 

The product is a B-dicarbonyl compound, which is especially acidic and 15 ionized completely by the 

one equivalent of base; ionization makes this reaction irreversible. 


IV. ALKYLATION OF ESTER ENOLATE IONS 


А. MALONIC ESTER SYNTHESIS 


1. Diethyl malonate (malonic ester). like many other f-dicarbonyl compounds. has unusually acidic a- 
hydrogens (pK, = 12.9). 


a. Its conjugate-base enolate ion can be formed completely with alkoxide bases such as sodium cthoxide, 
whose conjugate acid, ethanol, has a pX, of about 16. 
b. The conjugate-base anion of diethyl malonate is nucleophilic. and it reacts with alkyl halides and 
sulfonate esters (RX, R "X in the following equation) in typical S42 reactions. 
c. This reaction can be used to introduce alkyl groups at the a-position of malonic ester. 
о о О о о О 
уко” | 1) E107 | | 
ErO—C—CH1—C —OEt -———_® E(0—C—CH —€ —OEt LO» EO—c—C—C—OEt 
2) RX | 2)RX FX 
diethy! malonate R R R 
pk, = 12.9 
+ EtOH + X + EtOH + X 
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2. The malonic ester synthesis can be extended to the preparation of carboxylic acids. (See Eqs. 22.77a-c, 
text p. 1146.) 


a. Saponification of the diester and acidification of the resulting solution give a substituted malonic acid 
derivative. 


b. Heating any malonic acid derivative causes it to decarboxylate. 


о О о о о 
|| [| 1) HO | 
EtO —C —€C С —OEt ——- HO—C—C—C--OH — H—C-—C€ —OH + CO, 
rs 2) H4O* / /\ Е 
R R ; R R A R^. R 
+ 2EI0H м | 
saponification decarboxylation 


c. The result of alkylation, saponification, and decarboxylation is a carboxylic acid that conceptually is a 
substituted acetic acid—an acetic acid molecule with one or two alkyl substituents on its a-carbon. 


3. The overall sequence of ionization, alkylation, saponification. and decarboxylation starting from diethy] 
malonate is called the malonic ester synthesis. 


a. The alkylation step of the malonic ester synthesis results in the formation of one or two new carbon- 
carbon bonds. 


b. The anion of malonic acid can be alkylated twice in two successive reactions with different alkyl 
halides (if desired) to give, after hydrolysis and decarboxylation, a disubstituted acetic acid. 
B. ACETOACETIC ESTER SYNTHESIS 
1. f-Keto esters (pK, = 10-11), which are substantially more acidic than ordinary esters (pK, = 25), are 
completely ionized by alkoxide bases, which have conjugate-acid pK, values near 16. 


a. The resulting enolate ions can be alkylated by alkyl halides or sulfonate esters. 


о о T О о о 
|| D EO | | 1) EO | | 
C—CH3-C—OEt! >» C—CH—C—OEt ———» C—c—C—oEB 
ы 2)RX | ЕХ IN 
a B keto ester R к R 
рКа He + EH + X + EIOH + X 


b. Dialkylation of f2-keto esters is also possible. 
c. The alkylated derivatives of ethyl acetoacetate can be hydrolyzed and decarbox ylated to give ketones. 


о о o о о 
|| || 1) HO || H30* 
C—C—C—OEt » —C—C—C—OH > —C—C—H + CO 
y x 2) H40* /\ EN E 
R R' ; R R R R 
+ EtOH 


2. The alkylation of ethyl acetoacetate followed by saponification, protonation, and decarboxylation to give a 
ketone is called the acetoacetic ester synthesis and involves the construction of one or two new carbon- 
carbon bonds. 


3. Whether a target ketone can be prepared by the acetoacetic ester synthesis can be determined by mentally 
reversing the synthesis (see Eq. 22.87, text p. 1150): 


a. Replace an a-hydrogen on the target ketone with a —CO>Et group. 
b. Determine whether the resulting 8-keto ester can be prepared by a Claisen condensation or from other 
B-keto esters by alkylation or di-alkylation with appropriate alkyl halides. 
C. DIRECT ALKYLATION OF ENOLATE IONS DERIVED FROM MONOESTERS 


1. A family of very strong, highly branched nitrogen bases can be used to form stable enolate ions rapidly at 
-78° from esters. 


a. The nitrogen bases themselves are generated from the corresponding amines and butyllithium at -78? in 
tetrahydrofuran (THF). 


CHiCH3CHaCH4 — Li + РН ән РМ Lit + CHCH CHCH, 
XCHaCHSCH? 2 p 2 3CH3CHSCH 
pK, = 32-35 pK, = 55-60 
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b. These amide bases are strong enough to convert esters rapidly and irreversibly into their conjugate-base 
enolate ions. 


о R О 
1) i- PrN” Li*/-78* | | 
: > 


CH —C —OE! -C—C-—OEt + i Pr3NH + Li* X 


2)RX 
L The ester is added to the base: the reaction of esters with strong amide bases is much faster, even at 
—78*, than the Claisen condensation; the enolate is formed rapidly. 

ii, Attack of the amide base on the carbonyl carbon of the ester, a reaction that competes with proton 
removal, is retarded by van der Waals repulsions between groups on the carbonyl compound and the 
large branched groups on the amide base. 

iii. This type of van der Waals repulsions has been termed F-strain, or “front-strain.” 
c. Theester enolate anions formed with these bases can be alkylated with alkyl halides. 
d. Esters with quaternary a-carbon atoms can be prepared with this method. 
2. This method of ester alkylation is considerably more expensive than the malonic ester synthesis and 
requires special inert-atmosphere techniques. 
D. ALDOL REACTIONS OF ESTER ENOLATES 


1. Ester enolates can serve as nucleophiles in aldol reactions. 


| rad T | 
Li = RC =0 + - 
—c—co,r te сов — R—C—C—COR 05 R—C—C—cOR +10 
| -78°C | | | l | 


2. The Reformatsky reaction utilizes an organozinc compound as the nucleophile, which behaves analogously 

to a Grignard reagent, however it is less reactive. 

a. The organozinc compound (Reformatsky reagent) does not necessarily have to be pre-formed in a 
second step as shown below. It can be formed in the presence of the aldehyde or ketone. 

b. Organozinc compounds are less reactive than Grignard reagents. therefore they can be formed from 
esters. 

c. The actual structure of the Reformatsky reagent more complex than is shown, however it behaves as if 
it were as simple as depicted. 


Br > Brzn' ОС OH 
| љ Bun. R,C=0 но? [| " 
13» ^ E i ———» R—C—C— COR m vele 9S + Zn + Br 
| 
R 
Reformatsk y 
reagent 


3. The Knoevenagel reaction is ап aldol reaction that utilizes the enolate of a malonic ester or acetoacetic ester 
as the nucleophile. The products of these reactions are a. -unsaturated carbonyl compounds. 


"^ "— 


7 
T and PhCO,H 
H 
" СОЈЕ! piperidine СОЕ! 
(catalysts) г cs 
R—CH + H;C—CO;Et —— RCE m 
CO;Et 


a. First, the base piperidine deprotonates the malonic ester. 


СОЕ и rad Lo) 
| 
HC — СОЕ! + Ñ ————= HC—COft+ ^N 


H 
piperidine 
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b. Then. the aldol reaction proceeds as normal, and the addition product is protonated by the piperidinium 
cation. 


СОЕ! О 07 со 
HC—COEt — R—CH R—CH— CH —CO;Et N 


H 


ым ыз 
+l, 
R—CH—CH —CO;Et N 


c. Finally, the addition product. which is not isolated. is deprotonated by the piperidine, which drives the 
reaction to completion through a dehydration reaction. The hydroxide by-product then reacts with the 
piperidinium ion to regenerate the catalyst. 


74 CO;Et т (oe CO;Et 
Е СОЕ! === Рһ —СН y -C со —» Ph—CH =C 


N 
H W 


V. CONJUGATE-ADDITION REACTIONS 


А. CONJUGAIL ADDITION ТО e, B-UNSA IURAILD CARBONYL COMPOUNDS 


1. Addition of a nucleophile (Nuc in the following equation) to the double bond of an a.f-unsaturated 
carbonyl compound іх an example of conjugate addition (1 ,4-addition); nucleophilic conjugate addition has 
no parallel in the reactions of simple conjugated dienes. 


| a PN Nuc Nuc A 


EF E 
rotonation 
P + Nuc’ (“enon ketone tone | 


| isomerization | 


| conjugate 
| addition 


2. Nucleophilic addition to the carbon-carbon double bonds of a.f3-unsaturated aldehydes, ketones, esters, 
and nitriles is a rather general reaction that can be observed with a variety of nucleophiles. 
a. The addition of a nucleophile to acrylonitrile (HsC—CH—C==N) is a useful reaction called 
cyanoethylation. 
base 3 
МеН + HaC=CH—-CN — — Nuc — CH; — CH; — CN 
nucleaphile acrylonitrile cyanoethylated nucleophile 
b. Quinones аге a.ff-unsaturated carbonyl compounds, and they also undergo similar addition reactions. 
c. When cyanide is the nucleophile, а new carbon-carbon bond is formed; the nitrile group can then be 
converted into a carboxylic acid group by acid hydrolysis. 
3. Nucleophilic addition to the double bond in an a,-unsaturated carbonyl compound occurs because it gives 
a resonance-stabilized enolate ion intermediate. 
4. Acid-catalyzed conjugate additions to a, -unsaturated carbonyl compounds are also known. 
B. CONJUGATE ADDITION OF ENOLATE IONS: MICHAEL ADDITION 


1. Enolate ions derived from malonic ester derivatives. -keto esters. and the like undergo conjugate-addition 
reactions with a. B-unsaturated carbonyl compounds. 
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a. Conjugate additions of carbanions to œ -unsaturated carbonyl compounds are called Michacl 
additions. 


СО-Е! COLE! ' И 
ЕО » ` Hy ( € Hy 
HC EIOH HC = E 
COLEI COsEt 
Q COLEI О COSE! 
" — HsC(COSED4 2 
НС ССН СН: СН : Fe НСС —CH;-——CH;—CH +  H;C(COSED; 
CO>Et COsFt 


b. Many Michael additions can originate from either of two pairs of reactants. 
c. To maximize conjugate addition, choose the pair of reactants with the less basic enolate ion. 
2. In one useful variation of the Michael addition, called the Robinson annulation, the immediate product of 


the reaction can he subjected to an aldol condensation that closes a ring. (An annulation is a ring-forming 
reaction.) 


il B base vill base С 
| + H« CH —4 CH » O » 


or acid 


VI. REACTIONS OF а, (j-UNSATURATED CARBONYL COMPOUNDS WITH OTHER NUCLEOPHILES 
А. REDUCTION OF a, -UNSATURAT:D CARBONYL COMPOUNDS 


1. The carbonyl group of an a.f@-unsaturated aldehyde or ketone is reduced to an alcohol with lithium 
aluminum hydride. 


о он 


| 
| 
К “у рдн, * 
Г үш 
put 2) H30 ! 


a. This transformation involves the nucleophilic reaction of hydride at the carbonyl carbon and is therefore 
a carbonyl addition. 
b. Carbonyl addition is not only faster than conjugate addition but, in this case, also irreversible; reduction 
of the carbonyl group with LiAIH, is a kinetically controlled reaction. 
2. Many a.f-unsaturated carbonyl compounds are reduced by NaBH, to give mixtures of both carbonyl- 
addition products and conjugate-addition products. 
3. The carbon-carbon double bond of an a,B-unsaturated carbonyl compound can in most cases be reduced 
selectively by catalytic hydrogenation. 


B. ADDITION OF ORGANOLITHIUM REAGENTS TO THE CARBONYL GROUP 


1. Organolithium reagents react with a.f3-unsaturated carbonyl compounds to yield products of carbonyl 
addition. 


M 


The product is the result of kinetic control. since carbonyl addition is more rapid than conjugate addition 
and it is also irreversible. 


) OH 

ae || к лы E 

| 2) H,0" | | i 
R 
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С. CONJUGATE ADDITION OF LITHIUM DIALKYLCUPRATE REAGENTS 


Lithium dialkylcuprate reagents give exclusively products of conjugate addition when they react with a,f- 
unsaturated esters and ketones. 
о p о 
|| | 
—C- JE > ССН 
| | 2) HO 


Although conjugate addition of lithium dialkylcuprates actually involves a radical mechanism (see Further 

Exploration 22.3 on p. 755 of this manual). the reaction can be conceptualized mechanistically to be similar 

1o other conjugate additions. 

a. A nucleophilic reaction of an "alkyl anion" of the dialkylcuprate on the double bond gives a resonance- 
stabilized enolate ion. 

b. Protonation of the enolate ion by the addition of water gives the conjugate-addition product. 

Conjugate addition also occurs with Grignard reagents in the presence of added CuCl. 
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С? SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


225] (a) The acidic hydrogens are the a-hydrogens on the carbons between the two carbonyl groups. (—OEt = 
ethoxy group = —OCH,CH.,.) 


acidic hydrogens 


"s 
EIU CH, — bor 


diethyl malonate 


The reason that these hydrogens are particularly acidic is that their conjugate -base enolate ians are 
stabilized by the polar effects and resonance effects of two carbonyl groups, whereas the conjugate-base 
enolate ion of an ordinary ester is stabilized by the corresponding effects of only one carbonyl group. 
The resonance structures of the conjugate-base enolate ion of diethyl malonate are as follows 


о 70 +9 Q^— о о 
P» 11 : 


БОС СНС OF а FIO —C *CH —C Ой «——» БО С —CH С —OEt 


resonance structures for the conjugate-base enolate ion of diethyl malonate 
(b) The acidic hydrogens are the a-hydrogens on the carbons between the two carbonyl groups. (—OEt = 
ethoxy group = —QCH,CH;.) 
acidic hydrogens | 


N 
UM f 
CHC —CH, —COEt 


еу! acetoacetate 


The reason that these hydrogens are particularly acidic is that the conjugate-base enolate ion is stabilized 

by the polar effects and resonance effects of two carbonyl groups. whereas the conjugate-base enolate ion 
of an ordinary ester is stabilized by the corresponding effects of only one carbonyl group. The resonance 
structures of the conjugate-base enolate ion of ethyl acetoacetate are as follows: 


ang 
Nez des t5 Tod 
CH,—C —CH =-С —0Е «— —3 CH,—C *CH —C —OEt «——CH,—C —CH —C —OFt 


22/2 The imide of succinic acid (succinimide) is more acidic. because its conjugate-base anion is stabilized by the 


polar effects and resonance effects of two adjacent carbonyl groups. The conjugate-base anion of succinic acid 
diamide is stabilized by resonance interaction with only one carbonyl group. 


о 
{/ 
= |! T 
N: HN —C — CHCH —C — МН» 
conjugate-base anion of succinic acid diamide 
о 


coniugate-base anion of succinimide 


The resonance effect in the conjugate base of succinimide far outweighs the statistical effect of two amide 
groups in succinic acid diamide. 
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A mechanism for replacement of one hydrogen in the reaction of Eq. 22.6, text p. 1108, is shown in the 
following equation. (The mechanisms for replacement of the others are identical.) Only the a-hydrogens are 
replaced because the enolate ion is the only carbanion stable enough to be formed. The carbanion intermediates 
required in a similar mechanism for the replacement of the hydrogens other than the a-hydrogens are not 
resonance-stabilized. 

FNA : 
D—OD a P" EuND OD 


resonance-stabilized 
enolate ion 


The proton NMR spectrum would change as follows: 


62.0(s) О 8100 о ó LO (s) 


| 
HC —C —CH;—CH, 


624 (9) 


base. О-О | 
2—49» г р,с—С—Ср„,—Сн, 


no proton ММК 


M 
N 
a 


resonances 


That is, in basic D,O, the resonances for the a-protons disappear and the triplet at д 1.0 becomes a singlet. 


Exchange does not occur because the orbital containing the unshared electron pair on the a-carbon of the 
enolate ion is perpendicular to the z-electron system of the carbonyl group; therefore, the enolate ion is not 
stabilized by resonance. Another way to view this situation is suggested by the hint: the resonance structure of 
the enolate ion violates Bredt's rule (Sec. 7.6C). This situation is discussed in Guideline 4 for resonance 
structures, Sec. 15.6B. text p. 753. and in the figure at the top of p. 1106. 


(a) АП a-hvdrogens are exchanged for deuterium. (The methyl hydrogens of the tert-butyl group are not 
a-hydrogens.) 


{| 
| 
да (E 
D 


(b) All a-hydrogens as well as the O—H hydrogen are exchanged for deuterium: 


OD 
af 
ЖР. 


x 
үү 


р р 
о 


О 
(c) Тһе only possible enalate ion is not resonance-stabilized for the same reason that the enolate ion in 
Problem 22.5 is not resonance-stabilized: consequently, it is too unstable to form. Because deuterium 


ol tle puma 
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exchange of the a-hydrogens would involve an enolate ion intermediate, deuterium exchange cannot 


occur. 
(a) 
о OH OH 
3 „Сн; À. „СНз A СН; 
» : Ps : 2 5 
NS Эче. P р "P. 
2-methyleyclohexanone enol forms of 2- methylcyclohexanone 
(b) 
О OH 


|| | 
CEP E PaHC OH E > CH СНС Нас =C —OH 
CH, CH; 
2-methylpentanoic acid enol form of 2-methylpentanoic acid 
(c) Benzaldehyde, PhCH—92, has no enol forms because it has no a-hydrogens. 
(d) 
О ОН 
| | 
СН:СМ№СН з)» 44У” н-с=СМ(СН)» 
N.N-dimethvlacetamide enol form of 
N,N-dimethviacetamide 


(e)  N.N-Dimethylformamide has no enol forms because it has no a-hydrogens. 


CH, 


N, N-dimethy formamide 


The enol forms of 2-butanone. 


o OH OH 
|| | 
НСССНСН; С” Н.С =ССН,СНу + H4CC —CHCH,; 


2-butanone least stable (E) and (Z) 
most stable 


enol forms of 2-butanone 


We know that double bonds are stabilized by alkyl substitution (see Sec. 4.5B. text pp. 149-151) 
enol on the left in the previous equation is the least stable. 


(a) The "enol" form of a nitro compound: 
:OH 
/ 
HC =N+ 
‘0: 


“enol” form of nitromethane 
(an aci-nitro compound) 


. Hence the 


(b) The "enol" form of an amide that has a carbon-nitrogen double bond is called an imidic acid; see Eq. 
21.20b. text p. 1066. Notice that this particular amide cannot enolize toward the a-carbon because it has 


no a-hydrogens on that carbon. 
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OH 
Ph —C=NH 


"епо!" form af benzamide 
(an imidic acid) 


2210 (a) One source of stabilization of the enols of f-diketones is their intramolecular hydrogen bonds: see the 
structure preceding Problem 22.7 on text p. 1111. In aqueous solution, the solvent can serve as a 
hydrogen-hond donar to the carbonyl oxygen: hence the energetic advantage of the enol that results from 
intramolecular hydrogen honding is reduced in aqueous solution. In a solvent that cannot donate 
hydrogen bonds, such as hexane. there are no external hydrogen bonds, and the internal hydrogen bond 
thus provides an energetic advantage to the enol. 

(b)  Asthe structure above Problem 22.7 on text p. 1111 shows. the enol form of 2,4-pentanedione has a 
conjugated 7-electron system involving a carbonyl double bond and a carbon-carhon double bond. This 
conjugated system in the enol is the source of the UV spectrum. The absorption is stronger in hexane 
because there is a greater proportion of the enol form in hexane for the reasons discussed in the solution 
to part (a) of this problem. 


22.11 (а) The enol is formed by the mechanism shown in Eq. 22.17b on text p. 1112. The enol is achiral, and it can 
be protonated at either face of the double bond at the same rate to give the racemate of the protonated 
ketone. 

* 
+ 
(а) Н ОН; i 0—IH 
Ph. Хон , Ph J 
" s A ш. 72 c^ ap + CHoXHCHSR C ph 
j Ph 
CHp-CHCI / д | | 
(CH )5CHC 71 à (CHy;CHCH; р n 
ib) Lo 
п H: from (a) from (b) 


(b) The enol is formed by the mechanism shown in Eq. 22.17b on text p. 1112. except that D,0* is the acid. 
This results in the “washout” of one a-hydrogen into the large excess of deuterated solvent. 


A 
"E. 
/ “р Оор» р 
О ы tom OD 
H = НЕ ^g 


D^ 
2 he Н : 
P Ө! + H ор, 


Protonation of the double bond by D,0* gives a deuterium at the a-position. Replacement of one a- 
hydrogen by deuterium is shown: the mechanism for replacement of the other a-hydrogens is identical. 


f aX 
m { to Pe о 
> D— OD, D D 
Н »5 Д. im d 
= T NT С Р + D— 0D, 
lis „ы 


22.12 (a) Тһе reaction free-energy diagram is given in Fig. SG22.1. 
(b) Тһе reaction free-energy diagram is given in Fig. SG22.2. Notice that the first two steps are identical to 
those shown in Fig. SG22 I in part (a). because the process is identical. 
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RGY 


protonated 
ketone 


reaction coordinate 


Figure SG22.1 Reaction free-energy diagram for acid-catalyzed enolization of a ketone to accompany the 


solution to Problem 22.1 2(a). 
enol 
formation 


protonated 


Е 
=- 
= ketone + Br; 
= 
< 
Z. 
« 
D 


reaction coordinate 


Figure SG22.2 Reaction free-energy diagram to accompany the solution to Problem 22.12(b) Notice that the 
rate-limiting steps for enol formation and overall halogenation are the same 


22.13 (а) Because enolization is the process responsible for acid-catalyzed racemization, and because the rate- 
limiting process in acid-catalyzed ketone halogenation is enolization, the rates of the (wo processes are 
the same—the rate of enolizauion. 

(b) Because the rate of ketone halogenation is independent of the halogen concentration, the rates of 
halogenation of the same ketone with two different halogens are also independent of halogen 
concentration and therefore independent of the identity of the halogen itself. In fact. the rate in both 
cases is the rate of enolization. as in part (а). The two processes are compared at the same acid 
concentration because the enolization process 1s acid-catalyzed (Eq. 22.24. text p. 1114). 
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22.14 (а) (с) 
о er о 
~“ „© Na | 
Ph—C—O Жа + HCBry 
"Мм, 
| | + HCBr 
Nur Nu 


In part (b). benzophenone does not halogenate because it cannot form an enolate ion (it has no a-hydrcgens). 
and the aromatic rings are deactivated by the carbonyl group toward electrophilic halogenation. 


In part (c). the alcohol is first oxidized to the corresponding ketone, acetophenone, which then undergoes the 
haloform reaction. 


22.15 2,5-Hexanedione gives succinic acid and iodoform when subjected to the iodoform reaction. 


О о 1) Ip. base о о 

dlc | 2)H0* П | 
CHCCH;CH;CCH, —— ———*  HOCCH,CH;COH + 2н 
2,5-hexancdione succinic acid iodoform 


After iodination of the methyl group occurs once. subsequent iodinations are faster. Evidently, iodination of a 
—CH ;— group is either slower or it is reversible. 


22.16 (a) The a-bromo acid bromide reacts with ethanol to give the a-bromo ester. 


О О О 
[ Br». PBrz ll носн-сн, | 
PhCH»COH ————»>РСНСВ: ——————— PhCHCOCH;CH,; + HBr 
е, We | | 
phenvlacetic acid m а 


ethyl @ bromo-a@-phenviacetate 


In part (а), neutral ethanol is not basic enough to act as а nucleophile and displace the a- 
=> bromine. 


(b) Тһе a-bromo acid bromide is formed first. Then ammonia reacts as a nucleophile with it in both an acy! 
substitution reaction to give the amide, and іп an Sy2 reaction at the a-carbon to give the a-amino amide 
of the a-amino acid alanine. 


о О О 
| Br». PBr; ll NH, [| + 
СНСН.СОН —————%» CH,CHCBr ——— CH,CHCNH, + 2 ХН В 
propionic acid | die: 


alaninamide 
(2-aminopropanamide) 


22.17 (a) Тһе hase pyridine displaces the a-bromine in an S42 reaction. 
о FÀ 
CHCH CCH —N \ в 
Aon! J^ 


(b) The base acetate ion displaces the a-bromine to give a compound that is an example of a phenacvl ester. 
о о 
| || “ 
СНС —О—СН-СРһ + Na Br 


benzoyImethyl acetate 
(a phenacyl ester) 
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22.18 One equivalent of NaOH is consumed by its reaction with the carboxylic acid. The second equivalent forms the 
2.4-dichlorophenolate ion, which is the nucleophile in the ensuing S42 reaction. 


о о 

[КЕ я Р me Bi хе 
CI—CH3C —0--H X OH » Cl—CH,C—O + H—OH 

СІ 


ci £u "OH oO + H—OH 
\ 4 


С] 


T—— о о 
a: | |! 


СІ N j o Баа o — — СІ N ? O—CH3C—O + СГ 


The final step of Eq. 22.34 (protonation of the carboxylate to give the carboxylic acid) does not take place until 
acid is added to the reaction mixture: under the basic conditions of the substitution reaction the product is 
ionized. 


2 
r 


22.19 (a) The aldol addition reaction of phenylacetaldehyde: 


o9 о з а a OH 
=I H он | 
PhCH1CH » PhCH3CH - >» PhCH»CH + OH 
PhCHCH =O PhCHCH =O 
PhCHCH =O 3-hydroxy-2.4-diphenylbutanal 
enolate ion of 
phenylacetaldehyde 
(h) The aldol addition reaction of propionaldehyde: 
s 
29 Oo Tis. ~ он 
"е! , | \ ГУ n 
CH;CHoCH = ссни н —OH » CH;CH;CH + OH 
LU 
CH,CHCH =O CH4CHCH —O 
CHjCHCH =0 3-hydroxy-2 methylpentanal 
enolate ion of 
propionaldehyde 
2220 (a) 
[9] uto О iro 6 
CH; CH; {| CH; CH; 
LDA CH,CH H,0* 
cH, ——> CH, —— аө ——»- HC ^ CH; 
2,2-dimethylcyclohexanone — simplified enolate aldol addition product aldol dehydration product 
structure 


(b Тһе dehydration product can exist as either cis or trans isomers. Diastereomers have different energies 
and are therefore formed in different amounts (see Sec. 7.7B). 


22.201 (a) The problem states that equal molar amounts of cach component are used. (Otherwise two moles of the 
aldehyde might react—one mole at each set of ketone a-hydrogens.) The enolate ion of the ketone reacts 
with the aldehyde because aldehyde carbonyl groups are more reactive in additions than ketone carbonyl 
groups. 
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H о 
\ // 
fl w С=С 
/ \\ // N 
¢ Mc CH, 


(b) Asin part (a), the enolate ion of the ketone adds to the aldehyde carbonyl group to give product A 
because aldehyde carbonyl groups are more reactive than ketone carbonyl groups. It is also likely that 
aldol condensation of two molecules of hexanal will occur to give product B. 


о o 

\ N 

H C —Ph CHx(CHA;CH4 C—H 
1 3 ere _, 
с=с с=с 

/ \ 

CH;(CH);CH, H H CHXCH»»CH; 
A B 


(c) — This is a directed aldol condensation. The ketone enolate is generated at low temperatures and the 
aldehyde is added after. This process minimizes the potential for forming by-products. 


CH; 


(d) This is an intramolecular aldol condensation. 
CH3CH2CH, ‚О 
MA 


(a) In this case, the enolate топ of a symmetrical ketone, 3-pentanone. would have to react with 
p-methoxybenzaldehyde. There is only one possible enolate ion, and the aldehyde carbonyl group is 
much more reactive than the ketone carbonyl group. Hence, the reaction is reasonable. 


= о 


/ \ | 
сно—( )—CH —0 + CH,CH,CCH,CH; 


\ E 3-pentanone 
p-methoxvbenzaldehyde 
(b) The product shown would require the following starting materials. However. since the enolate ion 
required for the synthesis is only one of two that could form. at least two isomeric products are possible 
of which the desired product is only one. The desired product would therefore be formed as one 
component of a mixturc of isomers. 


о о 


li || 
\ y E Ww 
/ N4 


an enolate ion could 
form at either carbon 
(c) This product would require the intramolecular aldol condensation of the following keto aldehyde. In this 
case, the enolate ion formed at the a-carbon of the aldehyde would have to react with the ketone 
carbonyl group. Because the aldehyde carbonyl group is more reactive, and because its intramolecular 
reaction with an enolate ion of the ketone would also give a six-membered ring. synthesis of the 
compound shown in the problem is not reasonable. The following reaction would likely occur instead: 
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i 
oo H | " 
aldol condensation | 
О mo Ме 
B X // WE TS Gr | 
2i Il 
CH; о 
This compound is required This compound 
tor the product given. would be formed instead. 


(d) This product is the result of an intramolecular reaction of a ketone enolate and an aldehyde carbonyl 
group; hence. its synthesis from the following starting material is reasonable. 
о 


CH; 
H 


о 


(e)  Adouble aldol condensation of the following starting materials would give the desired product. The 
reaction is particularly favorable because the product is highly conjugated. 


о 


(f) This isa reaction of two equivalents of benzaldehyde with one of acetone. Because ап aldehyde without 
a-hydrogens is involved, the reaction is a reasonable example of the Claitsen—Schmidt condensation. 


o 
| 
2 PhCH =O + CH,CCH, 


(g)  Thisis a directed aldol reaction, therefore the enolate is generated first, at low temperatures, and the 
aldehyde is added afterwards. 


(e ou AN (e Odit 
| LAL i HCCH, | д, њо» 
(CHj)&C ^ ^ ^ CH; (сн, “сн, (CHhC ^ “сн; ^ “сн; 
бн => ен 
(CHC CH) “сну (CH).C 7 ^CH^ “Сн; 
aldo! addition product aldol dehydration product 


(h) Because the diketone starting material is symmetrical, the product shown is the only possible one. and 
thus the synthesis is reasanable. 
о 


1 
( 
Y 


First, break the double bond as shown in Eq. 22.54 on text p. 1129 to reveal the possible starting material. 
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CH; 
3 Al 
Е oe м, “о 


The product shown in the problem results from the reaction of ап enol formed at carbon a with carbonyl group 
B. Reaction of the enol formed at carbon Б with carbonyl B would require formation of a strained four- 
membered ring (product bB below) and is thus not likely. Reaction of an enol formed at carbon с with carbonyl 
A also would require the formation of a strained four-membered ring (product cA below). Reaction of an enol 
farmed at carbon d with carbonyl A would give hicyclic compound dA: 


[6] 
| [| CH 
ў 3 E CH; cd 
CH; 
product bB product cA product dA 


Compound 4А is a modest violation of Bredt's rule (Sec. 7.6C, text pp. 297-8: build a model to verify that it is 
strained). The aldol addition product could form, thus avoiding dehydration to the strained alkene, but aldol 
additions of ketones are highly reversible. The product shown in the problem is thus the only one that can 
readily be driven to completion by dehydration. 


(a) Pyruvate forms an enamine with the lysine residue of the enzyme in an analogous process to the one 
shown in Eqs. 22.56a-b on text p. 1131. When (R)-glyceraldehyde-3-phosphate (G3P) enters the 
enzyme's active site, the a-carbon of the “enolate” reacts with the carbonyl of G3P. in an aldol-like 
addition reaction. Acids (HA) and their conjugate bases (A>) within the active site protonate and 
deprotonate the intermediates as needed (see Eqs. 22.56c-d on text p. 1132). 


D A 
17 н H, :ӧн N-E] 


2- + A 
оро Хо: NEJ 
e NS. Lot зоо a s 7 
KC" 00; HO 


enamine form of 
enzyme-pyruvate 


н :0H NE] 


/ 
ОРО A Nai C~ co; + HA 
HO 


Once the carhon-carbon bond is formed as a result of the aldol addition reaction, the imine is cleaved by 
the usual mechanism (see Eq. 22.56e for an analogous reaction. and Study Guide Links 19.5 and 19.6 on 
pp. 608—610 of this manual for details of the reaction mechanism.) 


Н, :ӧн N +E] Н, :OH 
| AT E" Y WENT: 
HO HO free 
еа enzyme 
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Finally, the KDPG cyclizes forming a hemiacetal, similar to the reaction shown in Eq. 22.57 on p. 1132 
of the text. The mechanism is shown below, and detailed in Sec. 19.10A. Numbering carbons is helpful 
whenever you're writing a reaction mechanism that involves cyclization. Additionally, you can be sure 
that you've preserved the stereochemistry at each step by assigning К or 5 at each asymmetric carbon. 


^ E 


HA 
i d a 2-оробн, Gor CO; *O,POCH). О, ,CO; 
"ie E “он?^о; 7 db e ita 
«Rh HO HO 


(b)  Diastereomeric forms of the cyclic hemiacetal of KDPG: 


БОРООН; 0. 005 20;РОСЊ, О 
но“ но“ 


22.25 (а) First. form an enamine (compound X) by the standard mechanism (see Sec. 19.11. text p. 984) at the 
carbonyl carbon marked with the asterisks. 


ee iin. Ne 
? сњ М, n О cu, o 
: CH,CO, : | 
CH —-. CH; + CH4COH —— 


an enamine 
(b) Next. use one of the resonance structures of the enamine to do an intramolecular aldol addition reaction 
(Sec. 22.4A). After proton transfers, the enamine is regenerated. 
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о 
Кы l О [_ CH; 
S C. s 
Ob а di die tH > | 


enamine/ 
aldol addition product 
(c) Treatment with acid hydrolyzes the enamine hack to the ketone (Sec. 19.11. text p. 984). Continued 


treatment with acid will dehydrate the &-hydroxyketone (Sec. 22.4B) yielding an с. f8-unsaturated ketone. 
or the aldo] condensation product. 


о CH; 2 CH; zs о CH; H 
9H bs 
LL „ “ - > es es 
N N N transfer 
Lt) о» о 


[e] 
Сн, О cn, он; 
*OH 
ao —* es H 
5 OH Гун 5N 
OH H OH hr OH j 
9 CH; 
:OH О 
iba (Ж a, B-unsaturated ketone 
p (aldol condensation product) 
22.26 (a) (b) 
|| 1 || 
PhCH, —C A —C —OEI CH,CH,CH> —C —CH —C —OEt 
Ph CHCH, 
ethyl 2.4-diphenyi-3-oxobutyrate ethyl 2-ethvl-3-oxohexanoate 


Hydroxide ion would nos be a good base for the Claisen condensation because it would saponify ethyl acetate 
and convert it into acetate ion. The role of the ethoxy group in ethyl acetate is to serve as a leaving group: 
acetate ion lacks this leaving group and therefore will not react in the Claisen condensation. 
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22.28 (a,b) An ordinary Claisen condensation is driven to completion by ionization of an a-hydrogen more acidic 
than ethanol, the conjugate acid of the base ethoxide. Compound A lacks such an acidic a-hydrogen. 
Consequently. ethoxide reacts with the ketone carbonyl group and converts it into B. This reaction is 
driven to completion by ionization of the acidic a-hydrogen of compound В. Compound B itself is 
formed on acidification of the rcaction mixturc. 


p 
Clu | i со: of 0 
м p С O о О ——. Ne 
шә? P dic a || || ll ^x || 
E Ken On => we. OE! с?” ЕОССН.(С нус ОЕ! ж?” EtOCCH(CH),;CHCOEt ag > 
3 3 
Si ш Р CH; CH; 
- (6 о о 
со; \ок © 9 О 
иб. ee H,C_ нус J c 
3 < „°- 3 Я e 
T чесе P ОЕ! - t di x ош Me pr S 
E = 
"adt" "OE: Em 
+ H —OEt 


(c) | Use reasoning similar to that used in solving part (a). Two possible enolate ions, X and Y, can form: the 
product derived from ion X is ultimately observed because only this product is formed irreversibly by 


ionization. 
E:tOsCCH(CH),CHCO>Et „а E EtO4CCH4(CH4)4CCO*Et 
CH; CH; 
X Y 
Н | 
Y 
о о 
2 CO>Et 
BOL cH 
„ОШ жаш... A CH; 
\ / \. / 
(observed product; acidification 
gives the keto ester) 
22.29 (a) (b) ethanol is a by-product (c) 
о 
CO>Et 
о о о о Ме 
|| ll | II o” 
EtOCCHsCCMe, PhCCH4CPh Me 


In all three parts, ethanol is a by-product. In part (c). the carbanion formed at carbon a leads to the product. 
Hydrogens 4 are more acidic than hydrogens a. but a carbanion formed at carbon 6 cannot lead to a product 
containing a ring of reasonable size. Hence, the two anions are in an equilibrium that is driven by 
ionization of the product (Le Chàtelier's principle). 


о Me 
a || b 
CH3CCH?CCH(CO E05 
| 
Ме 
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22.30 (а) Apply the analysis shown in Eq. 22.69 on text p. 1136. The two possible sets of starting materials are as 
follows: 


о О о о 


| | || 
CH,COEt + CH,CHSCCHSCH, and CH,CCHSCH; + FIOCCH;CH; 


A B 


Set A could work provided that an excess of the ester is used. The analysis is similar to the analysis of 
Eq. 22.67 on text p. 1135. Because the ketone is symmetrical. only one enolate ion is possible. Set B 
would give a mixture of products because the ketone could form two different conjugate-base enolate 
ions, апа there is no reason for опе to be strongly preferred over the other. 
(b) The two possible sets of starting materials are as follows: 
О [9] о 
|| || || 
CH,CHS4CCHACH; + ЕЮСОЕ and 2 CH,CH,COEt 
А В 


Either set would work. In set A, a large excess of diethyl carbonate must be used. (See Eq. 22.65, text p. 
1137, and the discussion that follows.) However. set 8 would be more convenient because only onc ester 
is required as a starting material and because we would not have to separate the product from an excess 
of starting material. as in set A. 

(c) Apply the analysis shown in Eq. 22.68 on text p. 1139. The two possible sets of starting materials are as 


follows: 
О о 
N —OEt Jl 
A -COsEt and P db 2288 CH3 
\ Du n i \ / + ErOCOEt 
\ ] СН: _— 
A B 


Neither set of starting materials is a good choice. Because the desired product has no a-hydrogen more 
acidic than ethanol, it cannot be formed in a Claisen condensation because the equilibrium would Бе 
unfavorable. In fact. A could react in a Claisen condensation, but a different product would be formed. 
(Can you give its structure?) Reactants В are also not a good choice for the same reason: the desired 
product is not acidic enough to be ionized by ethoxide. Furthermore. in this case a different product 
would be formed. 

(d) The two possible sets of starting materials are as follows: 


most acidic hydrogens most acidic hydrogens 

|o о j? о 
РЪСИ СОЕ! + CH3CH3CH;CH3COE: and PhCH3CCH3CH3CH3CH, + EtOCOF: 

hb  —4 BO 


Set A consists of two esters with a-hydrogens: four different products are possible. Furthermore, the 
a-hydrogens of ethyl phenylacetate are considerably more acidic than those of ethyl valerate (why?); 
therefore, the major product is likely to be derived from the enolate ion formed at this position. but this is 
not the desired product. In set B. there are two sets of a-hydrogens. but the hydrogens that are a to the 
phenyl ring are considerably more acidic (why?). Unfortunately, the desired product is not derived from 
the enolate ion formed at this position. Hence, both sets of starting materials are unsatisfactory. In 
summary, the desired product cannot be made by a Claisen condensation. 
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22.31 (а) 


A B 


Either answer is satisfactory. but perhaps compound В would be a better choice because. in compound A. 
reaction of the ketone enolate as a nucleophile at the ester carbonyl carbon might be somewhat retarded 
by van der Waals repulsions with the a-methyl group. 

(b) 


ethyl 2-acetylbenzoate 


22.32 Follow the general process outlined in Eq. 22.75, text p. 1144. for every two carbons you want to add to the 
chain. First, the hexanoyl-ACP is transferred to the thiol of the SYNTH-SH part of the protein, and the ACP- 
SH is recharged with another malonyl group from malonyl-CoA. 


uw MP 


v се“ 
б” 


Then, the malonyl group loses carbon dioxide, yielding an enolate (see Eq. 23.736 in the text). The enolate 
reacts at the adjacent thioester, extending the chain by two more carbons. 
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„б: 
а 
(CH,),CH; C—O 
/ ч 
б ==С H;C 
% \ 
ya =o -> 
S 
[АСР | 
Ганла) сі 
(СН), СНз 
Кады. N (CH,),CH; = 
ые: ДЫ н Е 
x x des Nez? T X 
С=0 » :5: í :5@ р: mi 
[SYNTH | 5 SYNTH S SYNTH S 
ACP | ACP | “ACP | 
1 = Bez Il [шы аваны [нене Бешке 
+ CO; 
Finally, the SACP-bound chain undergoes reduction, dehydration, and double bond reduction to yield octanoyl- 
ACP. 
OH 
Р сат He i 0 А alcohol 
CH4CH;4—C— CH; —6— ЗАСР — нота 7 "CH,—C- sACP 404910". 
шр i chch 0% 


H 


| | double-bond 


C C i | 
CHACH M d ""sACP —B L CHACH,), — CH; — CH; —C— SACP 


H 


(The entire process can be repeated over and over again, adding two carbons to the growing chain at a time. 
until it is cleaved from the enzyme as shown in Eq. 22.76 in the text.) 


22.33 Acetyl CoA is the ultimate source of carbon atoms in fatty acid biosynthesis, as noted in the text (Eqs. 22.71 — 
22.76) and in the solution to problem 22.32 in this manual. If the carbonyl carbon of acetyl CoA is labeled, then 
every other carbon in a long chain fatty acid. like palmitic acid, will carry the label. 


| 
TON ИУ Т 


palmitate 
(conjugate-base anion of palmitic acid) 


22.34 (a) 


0 
r—¢—s-[E] 
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(b _ H-AandA are acids and bases available inside the active site of the enzyme that assist in generating X 
and the acetylated CoA. 
(0) o О 
c | | Ї DA 1 
R—C—CH,—C—SCoA + Н Е] —= R— ^. CH; — C—SCoA —> R— cT [tu —c— SCoA 
еә _ E 


| 
CMS r1 :8 
AT 0 


О 
к» „П, ЗР 


0 
в—6—5—[Е] + с,—6— SCoA 


X 


Compound X then reacts with CoA-SH to form the acetylated product and to regenerate the free enzyme 


16, q [Л 
Ci 


O 
H » 
—- :54Е] — R—6— SCA + HS-[E] 


22.35 (a) 3-Phenylpropanoic acid can be prepared by a malonic ester synthesis: 
1) NaOEt, EtOH 
2) PhCHACI 
; i Н.О“. he 
CHACO Ep, trO! chloride. PACHCHCO: Eo 9 PhCHCH>CO-II 
-CO4 3-phenylpropanoic acid 
Recall that benzyl chloride, PhCH,Cl, is exceptionally reactive in Sp? reactions. (See Eq. 17.29a—b, text 
p. 850.) 
(b)  2-Ethylbutanoic acid can be prepared by a malonic ester synthesis: 
1) NaOEt. EIOH 1) NaOEt, EtOH 
2) ЕВ! 2) EtBı H,0°. heat 
CHx(COSE)0, —— — — — EICH(CO3E)2 —— — — — —3 EnnC(CO2Et)> —om ” Ei2CHCO4H 
-CO4 2-ethylbutanoic 
Б acid 
(c)  3,3-Dimethylbutanoic acid cannot be prepared by a malonic ester synthesis because the requisite alkyl 
halide, tert-butyl bromide, is virtually unreactive іп Sq2 reactions. (See Sec. 9.4D in the text.) 
CH. CH: 
СНұССН»СО5Н requires CH3CBr 
CH; CH; 
3.3-dimethylbutanoic tert-butyl bromide 
acid 
22.36 


On the assumption that hydrolysis of the ester groups and decarboxylation of one carboxy group have occurred 
the unsaturation number (2) of the product calculated from the molecular formula indicates that a ring has been 


formed. The formation of cyclobutanecarboxylic acid by the following reaction sequence accounts for the 
results: 


орай of Im« = mary De Uploaded G dutabuted witana Serm nios ol publ e Кус rd a^ eco ^ :hit Manual pease visa ^t 


784 CHAPTER 22 - ENOLATES, ENOLS, AND a, B-UNSATURATED CARBONYL COMPOUNDS 


1) NaOEt, EtOH 


А : R 2) CICH«CH4CH-Br 
C H4(C ОЕ)» a 


COE! + ^ 
; - НО . heat ^ 
CICHsCH»CH3CH(CO SE). ХОВ в CS Ы >» 4 CO;H 
н tie Ea БОН d 2 
COE! CO, 
C i cyclobutanecar- 


boxylic acid 
The ring closure occurs by an internal "S42" reaction in which the enolate ion is the nucleophile: 
a 
| м ,COsEt со, 
CiCIlSCHSCH3CH(CO SED, МОРІ > с1—сн›сн›сн›© » es + Cl 
U COLEI V cosi 


22.37 (a) Recall Sec. 18.1, text p. 880, where the four reasons for the lack of reactivity of aryl halides under S42 
conditions is discussed. Firstly, the relatively high energy of the transition state required for the 
conversion of an sp"-hybridized carbon into an sp-hybridized carbon (about 21 kJ mol ' or 5 kcal mol !) 
that must occur in an Su2 reaction at ап aryl carbon. Secondly. the nucleophile, in this case the 
conjugate-base enolate of diethyl malonate, must approach the carbon-hromine bond in the plane of the 
phenyl ring, which would result in significant van der Waals repulsions ( a steric effect) of both the 
nucleophile and the phenyl ring. Thirdly. the nucleophile must also approach the carbon-bromine bond 
through the plane of the phenyl ring. which is impossible. And fourthly. because the carbon at which 
substitution occurs would have to undergo stereochemical inversion, the reaction would necessarily yield 
a benzene derivative containing a twisted and highly strained double bond. 

(b) Review the fundamental reactions of transition-metal complexes (Sec. 18.5E. text p. 896). 
Let L = P(t-Bu);. 


L L L L Ph 
T x 2" м и" ICHCOSE 
\7 NL TA NL TA addition ^ ^Br 
ч? i — "i + PhCH(CO,Et), 
^ NS =н E ^ 
L CH(CO,Et); elimination L dicthyl 
phenylImalonate 


22.38 Because part (c) involves formation of a carboxylic acid with a quaternary a-carbon, and because such 
compounds cannot be prepared by a malonic ester synthesis, we'll use our one allowed reaction of amide bases 
10 form this compound. АП of the other compounds can be prepared by the malonic ester synthesis, as follows: 


(a) Note that allylic halides such as allyl bromide (HxC—CHCH,Br) are very reactive in $ 42 reactions. (See 
Eq. 17.28a-b. text p. 850.) 


1) NaOEt, EtOH 1) NaOEr, ОН 


2) CH, I 2) HaC —CHCH4Bt 
б ———— CH}CH(COĖEt)» = = 


СН.(СО-Е!» 


1) NaOH. НО 
2) НО“. heat 


CH 1C CCOsED4 — CH 13CHCO4H 
É 287172 s 2 


-EtOH 
сн;сн =сн CO2 CHCH —CH; 
2-methyl-4-pentenoic 
acid 
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(b) 


1) NaOEt. EtOH 1) NaOEt, НОН i 
2) PrB 2) PrB НО, heat 
CH(CO3Et)> 20 : = > PrCH(CO3Et)3 = А = —» РгәС(СО-Е)» он EE d Pr4CHCO4H 
-CO; valproic 
acid 
(2-propylpen 
tanoic acid) 


(See also the solution to Problem 20.40, text p. 1037, on p. 683 of this manual.) 
(c) 


1) МОЕ. EtOH 1) NaOEr. EtOH 


| 2) EtBi TEN 2) ЕВ! H40*, heat 
CH»x(CO^sED05 — > EICH(COsED. — —»r Er3C(CO^E05 HOH E 


со» 


DLDA 
EtOH (solvent) 2) НС —CHCHBr 


Et:CHCO-H - 
~ 7 — H5SO, (catalyst) 


> Et,CHCO>Et > Et,CCO>Et 


CHCH =CH> 
2.2-diethvl-4-pen- 


tenoic acid 
22.39  Thisis a transition-metal catalyzed reaction similar to the one shown in the solution to Problem 22.37(b). 
P О 


Ph—C—C—OEt ethyl 2-methyl-2-phenylpropanoate 


CH; 
22.40 (a) 
1) МОЕ. EtOH 
9 2) BCH«CH(CCH у)» О 1) NaOH о 
| isobutyl bromide | 2) H;0`. -CO, 
CH,CCH3CO3Et ~ »-CH,CCHCOSF! ——» CH,CCH3CH;CH(CH з) 
ethyl acetoacetate и 3-methyl-2-hexanone 
(b) 
1) NaOEt, EtOH 
o 2) BICH;Ph о 1) NaOH o 
MT | 5 | 
| 2) H,0*. -CO 
CHsCCHsCo.E c еп bromide ск, —— 25 CHQCCHSCH:;Ph 


ethyl acetoacetate 1-phenyl-2-butanone 


CH3Ph 


22.41 (a) Follow the hint in Study Guide Link 22.6 on p. 752 of this manual. 


COSE! О 1) NaOE:, EtOH COSE! О 1) NaOH о 
| Il 2) PhCHBr | || 2) Н.О“. -СО- [| 
= C —CH4CH, — —— — —À» CH,CHCCH.CH, 


CHCH — C —CH34CH, — — > СНС 
Снр СН-РҺ 
The starting £-keto ester is prepared by a Claisen condensation of ethyl propionate: 
о 1) NaOEt, EtOH ү"! о 


| 2) H;O* 
2 ErOCCH-CH; = 


ethyl propionate 


—e a» CHCH ——CCH:3CH; 
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(b) 
COE О 1) NaOEt. EtOH СОЕ! O 1) NaOH о 
| | усну | lI 2) H:0*. CO, | 
PhCH —— CCH,Ph ————— — XP - CCH3Ph —— — —— = тоик 
CH; CH, 


The starting B-keto ester is prepared by a Claisen condensation of ethyl phenylacetate: 


О 1) NaOEt, EtOH СО-Е О 


|| ^) HiO* 
2 E1OCCH>Ph DHO Vl» PhCH ——CCH>Ph 


ethyl phenvlacetate 


22.42 Compound A is the enolate ion of diethyl malonate. Reaction of the enolate ion as a nucleophile at the 
methylene carbon of the epoxide gives the alkoxide B. which. in turn. undergoes an intramolecular 
transesterification to give a lactone. 


ЕО " 
“) o 3e" Д 
о prm a + 4 : 
i XX ZN RR | Fro” H30* [9] ы CO2! 
(CH 3)2C —CH3 CH(COsE0^ — (СН С —CH3CHCOsEt —9À » \ / 
dead 
A B НС g | 

CH, 


22.43 Опсе the enolate has been generated. it can react with either enantiomer of 2-phenylpropanal (reaction with the 
R enantiomer is shown). The products are diastereomers, formed in unequal amounts. The enantiomer of each 
product shown is also formed. 


[0] 
| | 1-2 
C n EI “Ё + ы —» 
сну” “0 CH; 0 hi id - 


o7 о om О 
CH | ds ta | A но 
геч, + Ne Ais coe Ot Ra at. 
Tis CH 0 Eo CH О 
Ph Ph 
rj "| 
C C 
men gs + Cen T a 
Ph Ph 


22.44 (a) Treatment of the a-bromoester with Zn yields a Reformatsky reagent (text Sec. 22.8D), an ester enolate. 
An aldol reaction with the ketone gives the zinc alkoxide, A. Treatment of A with acid would yield an 
aldol addition product. 


BrZn* 
7 BrZn * ° о [on | 
CH,;CHCOEt + Zn —> снЁн он + NC CE же —» | ona 
| 
Br CH; 
A 
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(b) Compound B is an aldol condensation product, formed by a Knoevenagel reaction (text Sec. 22.8D). The 
mechanism is analogous ta that shown in Eqs. 22.93a-b, text p. 11.54. Compound C is a carboxylic acid, 
as the problem states, formed by decarboxylation of the diester (text Sec. 20.1 1). 


СУ CH(CO;Ej, NaOH ax. 


B 
22.45 


22, + HSE] —= 


NaOH 
EtOH 


E uita CHCO:H 


A transthioesterification transfers the acetyl group from acetyl-CoA onto the thiol of the enzyme. 


О О 
+ — 
SE] 


Hx__7 SCoA A 


+ HSCoA 


SE] 


An aldo} addition reaction links the acetolacetyl-CoA to the enzyme. Finally, hydrolysis of the thioester releases 


ihe HMG-CoA from the enzyme. 


[9] о 
œg 
E-s^ d dnd "on uir. + 
A 


H—8 


O HO CH, O 


[Er Dx 


“CN/HCN 
MeOH 


(Ою CH, О 
p PA sco = 


HO SCoA 
HMG-CoA 


(b) 


HC =C = COCH: 
| 
CH; 


A N=CCH, 


methyl methacrylate 


(c) 


BiCH; —CH —CO4CH,4 
CH, 


CH СОСН; 
сн, СУН;8СН; —сн— —OCH, 
CH, 
(d) 
о 
HaC =C АА —O + CHOH 
CH, 


In part (d), saponification occurs instead of conjugate addition because saponification is an irreversible 


nucleophilic acyl substitution reaction. 


No рай of Ins = 
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careful attention to the mechanism in Eq. 22.106 on text p. 1160. In part (c). it is tempting ta 
add HBr to the dcuble bond to give the tertiary carbocation A; however, such a mechanism 
would lead to a product В that is different from the product observed: 


Y When considering acid-catalyzed additions to a.f-unsaturated. carbonyl compounds. рау 


AN 
\ 


1 Br „з 


Br HS о 5 б ш О 
н›с=Сс —©—осн, 5 Hic—c —OCH; æ НС —C —C— OCH; 
CH; CH, сн, 
А B 


Remember that carbocations a to carbonyl groups are quite unstable and are almost never formed; see 
Eq. 22.38 on text p. 1119. In contrast. the mechanism in Eq. 22.106 on text p. 1160 involves a ketone 
that is protonated on the carbonyl oxygen; this is a resonance-stabilized species in which positive charge 
is shared at the terminal carbon. Reaction of bromide with this carbon leads to the observed product. 


22.47 (a) Тһе product results from two successive conjugate additions. (Proton transfers are shown for simplicity 
as intramolecular processes, but they could he mediated by other acids and bases in solution.) 


He— ~ * a cx. іф 
„ГА ; Š Ра H4C— CHCO;Me 
МеН)  H;C— CHCO;Me ap P ММКН —CH,— CHOCO Me aq P" MeNHCH;CH4CO;Me «4 » 


- "н 
ra 
CH,OSCCHCIDNCH4CHSCOSCH, a CH4OsCCH:CHSNCHSCHSCOSCH; 
сн, сн, 
(b) This is a conjugate addition of the henzenethiolate anion to the carbon-carbon double bond. The 
benzenethiolate nucleophile, PhS , is formed by the reaction of benzenethiol. PhSH. with ОЕ. А 


mixture of diastereomers is formed because the final protonation step can occur from the same face as 
the methyl group or from the face opposite the methyl group. 


Н —OFt 
T 
^ ы о E^ X Oo 
ee A ( — EN 
PhS HCN) // PhSCH3. | PhSCH. | / 
pa НОЕ! М MAN 
\ >» —»» i à -0E 
Og о «<« | О + "OE 
; | 
65 "e d^ | / 
\ \ / \ 
\ Pd 
CH; CH; | 7 cH, 


( mixture of cis and trans) 


(c) The conjugate-addition product has no carbon-carbon double bond. Internal rotation within this adduct, 
followed by reversal of the addition, gives the isomerized product. 


O4C 0,C 
Бос, (№ „СОЕ! Ж Е 3 - СОЕ! ч Pa Wea: = 
(n = =o — E- m= c 
HUN “зн <<" p Е = CSCO. < 
/ Ets NHs Et3NH} 
EtNH ° , 


EtO4C i " 
ue € C co. + EGNH 


22.48 (a) Тһе nucleophile must be a species that can be converted into a carboxymethyl (HO;CCH ;—) group. 
Because the nucleophile ends up as a "substituted acetic acid,” the conjugate-base enolate ion of diethyl 
malonate can serve as species X. Addition of X to the ester gives compound А. All ester groups of A are 
hydrolyzed and опе of the resulting carboxy groups is decarboxylated when А is heated in aqueous acid. 
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(E10,C),CH + њс—с — 00 —- возсуснснинсо 
CH, CH, 


one of these groups} A 


decarboxylates fol- 
lowing hydrolysis 
in acid 


(b) Тһе key is to recognize that the desired product results from the addition of two equivalents of 
acrylonitrile. which end up as the two —CH:CH;CO:H groups of the product. The conjugate-base anion 
of ethyl acetoacetate would be a suitable nucleophile У. Reaction of Y with one cquivalent of 
acrylonitrile would give compound В. lonization of B gives anion C. which reacts with a second 
equivalent of acrylonitrile to give compound D. The nitrile groups are hydrolyzed to carboxy groups and 
the ester group is hydrolyzed and decarboxylated to give the final product when compound D is heated in 


acid. 
о њс-сжн © СЊСНСМ © CHCHON Vc (e, 0 CHICHIEN 
CH,CCHCO;Et = CH,c—CH—CO,E1 ——» CHC—C—COEt ЕЕ СНС — C— CO;Et 
а à | 
cnolate ion from хот E ‹ CH;CH;CN 
cthyl acetoacctate D 


22.49 (а) Тһе first part of the mechanism is a Michael addition followed by loss of formic acid to give. following 
protonation, intermediate A. 


4 | 
HO —H D о f OH о 
=H a fA? о=с He КАР, . € 
T SAI —CH  CH;CHCCH; —CH  CH;CH3CCH; 
p »  H;C—CHCCH; Ww о N _O 
| Y H,O ii 2 
| —» ——» > 
д" T c 
OH о о о 
ae - І 
O-*cH CH3CH3CCH CH>CH Nee ‘HOC be 
> СН» 3 zd ды СН» 3 CH3CH3CCH4 
> = 
Z [9] (6) О 
H—OH + ——» ——— + OH 
+ HCOSH \ 
(ionizes in 
base) 


Compound A then undergoes an intramolecular aldol condensation reaction. 


о [0] 
|| | 
CH5CH5CCH^ CH5CH5CCH^ 
ila S LM т 
o 8€) | (x, | 
OH 2 
"dn. С”. 
» H—OH + | » 
P E Ps 
A conjugate-base 
anion of A 
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о o o 
+) À 

# ы ———>»н—ОнН + ——> + OH 
OH OH 
А 2 


(Б) А Michael addition of the diethyl malonate conjugate-base anion gives compound В, which undergoes an 
intramolecular Claisen (Dieckmann) condensation. This Dieckmann condensation, like all Claisen-type 
condensations, is driven to completion by ionization of the product; the un-ionized product is formed 
when acid is added. These final steps are not shown in the mechanism below. Note that the tertiary 
hydrogen of compound B is the most acidic hydrogen, but although the anion resulting from removal of 
this proton is formed in the reaction mixture, it is depleted by the reaction that gives the product. 


Oo .. о ЕП ог: о 
|ж | 
CH,CCH “ch, CH(CO;E04 » CHiCCHCH;CH(COsEU0^ >> CH,CCH>CH>CH(CO>ED. + ОЕ! 


о J^ О о 
Jl .H ^OEt || N ju 
AG! = 4 “АМ 
CH, С CH, e М /^ € Ny 
о р | eo > М о » | + ОЕ 
' S. 


lot “48 ов a So 
t 
CO>Et CO>Et CO>Et CO>Et 
B (redrawn) (ionizes under the 


basic conditions, and 
is regenerated when acid 
is added.) 


with equilibrium arrows. However, the focus of the problem is on the mechanism of the 
forward reaction and not on the reversibility of the reaction. In such cases, forward arrows only 


ЕЧ In the foregoing mechanisms many of the steps are reversible and should rigorously be shown 


are shown. 
22.50 (a) 
H—OH, 
О H о о 
H/H á 
: IM | 
АЙ 
Ор “књ + HC "c^ ЗАР — НС Сн Сн, —С— АСР + [fh eno 
м 
Ф | butyryl-ACP N 
| 
R trans-crotonyl-ACP R 
: B 
NADPH NADP 


(b) Since the hydride {Н ) was added to the f3-carbon, the reaction is a conjugate addition. 
(c) X To solve this problem, first determine the structure of (25,3R)-butyryl-ACP-2,3-d;. 


о 
A 
Н, C—SACP 
Qus. 
/ \ 
н;С р 
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Next, rotate along the C2-C3 bond into the eclipsed conformation. Then, rotate the the structure so that 
the deuteriums are in the plane of the page. "Remove" the two deuteriums and analyze the resulting 
alkene. Since the alkene is trans, it confirms that the deuteriums were added syn. 


О D' "D 
H ү D D | | ji 
—SACP 
\ / \ / 0 H C 
нс =н H- Soek "e нс Сн ЅАСР 
0 0 НС 
SACP I 

H О 

| Il 

C C 


HC “7 "-SACP 
H 


trans-crotonyl-ACP 
Had the alkene that resulted from this analysis been cis. then we would have deduced that the 
=> addition of deuteriums was anti. This technique will always work for these types of problems. 


22.51 (a) 


О о 


Н. catalyst | 
CH,CH —CHCOE: ——— — —» CH;CH;CH;COE: 


ethyl 2-butenoate ethyl butanoate 


(b) 


о пл 


à 2) HsO* y Е 
CHCH =CHCOEt — — — =æ CH4CH — СНСН.ОН + EtOH 


ethyl 2-butenoate 2-buten-[-ol 


22.52 (a) 


о 1) Li* CH 3C о 
| 23) H;0* | 
(CH 9C =CHCCH, rr (CH) ,CCHSCCH y 
mesity! oxide 3.4-dimethyl-2- pentanone 
(4 methyl 3 penten 2 one) 
(b) 


0 1) CHL OH 
i 2) dil H.O*. | 


mesity! oxide CH, 
(4-methy!-3-penten-2-one) 
2,4-dimethyl-2-penten-1-al 
(c) 


о 1) Li* (C4H«4)5Cu CH, O 1) СИМ! CH; 
| 2) H0° [чё || 2) H4S0, 
«СН 5С —CHCCH, » аы кы e Je СУН ССН —C(CH 4); 
CH; CH; 
2.4.4-trimethy!-2-hexene 


Notice that the conjugate addition must precede the carbonyl addition. (If the carbonyl addition were 
carried out first, the product would nat be ап a.ff-unsaturated carbony! compound, and conjugate 
addition could not occur.) 
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22.53 (a) The question in this problem is what type of conjugate addition occurs (1.4 or 1.6). The 1.6-addition 
occurs because it gives the enolate ion intermediate with the greater number of resonance structures and 
hence, the more stable enolate ion. 


CH; É CH; CH; CH, | 


AN m a 
5 4 М 


Ps м ~ | "sin. e РА м =~ ~~ ~ 
p e -«—» | | < > k | 
ыг | o^ 22 М. РЕ dm radio шш AC „е^ 


о 
1,6-addition product L enolate ion intermediate J 
(observed) 

f 7 

P ipo te ч Же | 

= <> | 

ыыы” - ES 
at se Vet à УА і 5 | 
CH; CH; CH; 


1 4-addition product enolate ion intermediate 


(b) Conjugate addition also occurs with а, -unsaturated compounds in which a carbon-carbon triple bond is 
part of the conjugated 7-electron system. The product is (CH ;))C—CHCO.;Me (methyl 3-methyl-2- 
butenoate). 


22.54 (a)  Ananalysis similar to that used in Study Problem 22.7 on text p. 1170 reveals that either a methyl group 
or an ethyl group can be added in the conjugate addition. (Addition of an ethyl group is illustrated here.) 


о D Li* (C2H5)2Cu7 O CH; 
[| 2) H;0* | | 
oes, —CHCH; —— — — ——3» CH,CCHCHC3He 
| 
CH, CH; 
3-methyl-3-penten-2-one 3.4-dimethyl-2-hexanone 
(b)  Ananalysis similar to that used in Study Problem 22.7, text p. 1170, reveals that either a methyl group or 
an ethyl group can be added in the conjugate addition. (Addition of a methyl group is illustrated here.) 


1) Li* (CH3).Cu о CH; 

| 2) H,0° | 

CH,CC =CHC,H, —————————» CH;CCHCHC;H, 
| | 

CH; CH; 


3-methyl 3 hexen-2- one 3.4 dimethyl-2-hexanone 


(c) | An analysis along the lines of Study Problem 22.7, text p. 1170, reveals the following two possibilities: 
(6) о 


j i= || , 
СНССН + H4C—CHCO:R ог CH,CCH=CH, + "CH;CO:H 
(a) (b) 


A practical synthetic equivalent to the anion in (a) is the conjugate base of ethyl acetoacetate: 


о о о 
- кон || H3O*, heat |! 
CH;CCHCO3Et + НС —CHCO,Et — ——» CH4CCHCOSEt EIOH CH;CCH4CH54CH4CO;H 
conjugate-base anion ethyl acrylate CH;SCHSCO,E: -CO2 5-oxohexanoic acid 


of ethyl acetoacetate (ethyl 2-propenoate) 


The practical synthetic equivalent to the anion in (5) is the conjugate base of diethyl malonate: 
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о о о 
| кюн | H40", heat | 
methyl vinyl ketone = canjugate-base -CO, 5-oxohexamaic acid 


(3-buten-2-one) anion of 
diethyl malonate 


(d)  Ananalysis similar to that in Study Problem 22.7, text p. 1170. suggests the following possibilities: 
0 0 o 


| d 
CH,C- + H,C—CHCO.R ог CH,CCH—CH; + Сон 


(а) th) 
A practical equivalent for the anion in (а) might be an acetylide anion. C==CH. The resulting acetylene 
could then be hydrated to the desired ketone. Unfortunately, acetylenic cuprate reagents do not work in 
conjugate additions because the acetylenic ligands do not transfer from the copper. Nevertheless, if you 
came up with this possibility. you are analyzing the problem with considerable sophistication. 

Anion (5) does have a simple practical equivalent: the cyanide ion: 


о о Oo о 
кюн | . H30*. heat Jl | 
CH,CCH —CH; + CoN : ы í » CH4CCH5C НС =N » CH,CCH4CH;COH 
Trace о 
methyl vinyl ketone acid levulinic acid 
(3-buten-2-one) (4-oxopentanaic acid) 
Solutions to Additional Problems 
22.55 Тһе structure of the starting material is 
О 


|| 
НС =CHCCH, 


3-buten-2-one 


(a) (b) (c) (d) 
о o OH o 
В:СН.СН,ССН; СН:СН,ССН: HC =CHCHCH: N==CCH.CH2CCH: 
(e) (f) (g) (h) 
О о rx о 
CH,CH2CH)CH2CCH: — (EIO4C)CHCH3CH3CCH, о 0 C. 


HC =CH CH; 


In part (h), the a, 8-unsaturated ketone serves as a Diels-Alder dicnophile. 


22.56 The structure of the starting material is 


n COLEI 
N Jo NE 
с=с 
/ N 

Ка H 


ethyl trans-2-butenoate 
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(a) (b) (c) 
HO+CCHCH2CO>H (CH ee at ie H CO; 
N "m 
CH; CH, Ng й + EtOH 
Ка H 
(d) (e) (f) 
OH CH4CH4CH4CO»F: 
H den ) | xm 
2)^ x 
/ < ^ S H 
с=с + EIOH Zz [^ 
" " M H 
\ 
3 СО»Е! сн; 


(both compounds are racemates) 


22.57 The structure of the starting material is 
О 


|l 
C 
а NH 


[n any answer where the condensation product (а, -unsaturated carbonyl compound) is shown, the addition 
product (B-hydroxyketone) would also be an acceptable answer. 


(a) (b) (c) 


OH O 
О 
P N 
Ys xo EN o^ N 


condensation product cannot 


be formed (no a-protons exist by a Reformatsky reaction 
after the aldol addition) (Sec. 22.8D) 
(d) (e) 
Poo dii 9 
CO;Et Y^p 
by a Knoevenagel reaction 
(Sec 22.8D) СО;Е! 
22.58 (а) (b) 
CH, о 

о | || 

T — OH — CH,CH,CCHsCH CH, 
CH,CH3CHCCH, | 

CH, н? 

(either enantiomer) (two of several possibilities) 
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(с) (d) 
CH3CH;CHCH;CH =0 


5 HO. CH; H,C | 
OH — and many CH 
others 3 


‘CH; CH; а 


- 


(Each could be any one of several stereaisomers— 
six possible stercoisomers for the middle structure 
and four possible stereoisomers for the other two.) 


(a) (b) (c) 
о Oo о OH 


|| I | | 
сн;Ссн.сн, (CHiSCHCH ог CH,CHSCHSCH HaC=CHCHCH; 


For part (c). recall (Eq. 22.28. text p. 1116) that alcohols of the form 
OH 
—CH —CH, 


give a positive haloform text, because the basic iodine solution used in the iodoform reaction 
oxidizes secondzry alcohols. A secondary alcohol of this form is thus oxidized to a methyl ketone, 
which then gives the iodoform test. 


(a) This compound is an “ynol,” the acetylenic analog of an enol. It is spontaneously converted into its 
isomeric ketene derivative, СН,СН==С==О. 

(h) This compound. 1.3.5-cyclohexanetrione. exists as its "triene-triol" isomer phloroglucinol because the 
latter is aromatic. 


OH 
f^ 3 1,3.5-benzenetriol 
- | (phloroglucinol) 
Ho^ ww on 


(c) Ты compound is a hemiacetal, and it spontaneously decomposes to acetaldehyde and an enol A, which, 
in turn, spontaneously forms propionaldehyde. 


OH О 


| | 
CHiCHOCH —CHCH; ——» CH;CH + HOCH —CHCH ; ——3 O—CHCH3CH;4 


acetaldehyde A propionaldehyde 
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smaller АС°, 
smaller pX,, 
greater acidity 
larger AG’, 
larger pX,, 
smaller acidity 


x 
p 
z 
— 
-— 
— 
2 
— 
e 
= 
< 
"m 
z 
< 
6 


Figure 5622.3 Diagram for the solution to Problem 22.61(b), which shows the effect of 
relative stability on the acidity of two isomers. Because the conjugate acids of the two isomers 
are Identical, the more srable isomer is less acidic. The phenol isomer Is more stable because it 
is aromatic. 


22.01 (а) Тһе conjugate bases of the two compounds, because they are resonance structures, are identical. 


e [9] О 
ph 

= > 
“22 


conjugate base conjugate base 
of A of B 


-~ 


resonance structures, and therefore 
identical ions 


(b) Because compound B (phenol) is aromatic, it is more stable, and thus more energy is required to convert 
it into the conjugate base shown in part (a). From Eq. 3.34 on text p. 110. pK, = AG,°/2.3RT. Thus. 
compound B has the greater pK, (it is less acidic). This conclusion follows is demonstrated from Fig. 
5622.3. 


22.60 (a) Removal of the O—H proton from A and a C—H proton from В gives conjugate-base anions that are 
resonance structures and therefore identical. (B: — a general base.) 


п, 7 
он В О о | с. «К о 
»! == M |. «—— I а= 2 
НС “СНз HC 7 —CH; НС ~~CH, нс CH, 
A + B—H С В 
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(b) Because the ketone is more stable than its enol, morc energy must be expended for it to ionize. 
Consequently, the ketone is less acidic. The logic is similar to that used in the solution to Problem 
22.61 (b). 
22.63 (a) 
ОО но OH HO. „в 
| T ы | 
ө, О 
A 
12 p, Sis RE HO 2 OH HOW C СНз 
BEEN cdd АЙ Я | 
N 0 N 0 
В 
(b) Reaction A is much more favorable because the alcohol that forms after hydrolysis is an enol. Enols are 
much more stable in the keto form. Thus. the hydrolysis is essentially irreversible. 
__-OH o к 
morc stable 
J =~ i keto form 
22.64 (a) Тһе second compound is most acidic because its conjugate-base anion (structure below) has the greatest 
number of resonance structures and is therefore most stable. (Draw these structures!) This anion is 
stabilized by resonance interaction with two carbonyl groups and a henzene ring. In the first compound, 
the conjugate-hase anion lacks the resonance interaction with a benzene ring: and in the third compound. 
the conjugate-base anion at the central carbon also lacks the resonance interaction with a benzene ring, 
and the conjugate-base anion at the henzylic carbon lacks the resonance interaction with a second 
carbonyl group. 
(b) Тһе first compound is more acidic because the conjugate-base anion (see following structure) has the 


greater number of resonance structures. It is stabilized by resonance interaction with both the carbon- 
carbon double bond and the carbonyl group. The two possible enolate ions of the second compound lack 
the resonance interaction with a carbon-carbon double bond. 


о о 


^ it is 
CH;C —C—CCH, 


Н.С —CHCHCCH, Р} 


conjugate-base anion 


conjugate-base anion 9 
of the most acidic compound 


of the most acidic compound 


22.65 The order of increasing acidity (decreasing рК) is as follows. [Approximate pK, values are in brackets.] 


(3) [42] < (4) = (5) [25] < (1)[15] < (6) [10] < (2) [4.5] 


Toluene is much less acidic than phenol. and amides are much less acidic than carboxylic acids (element effect). 
The pK, values of 1-а1купеѕ and esters are very similar (about 25). The remaining rankings require knowledge 

of approximate pK, values. The point of this problem is that it is very important to know the typical pK, values 
of organic compounds because so much of organic reactivity is based on acid-base principles. 


22.66 (a) Bromination can occur at either of the two a-carbons: compounds В and C are diastereomers. (Each of 
the three compounds can also exist as enantiomers.) 


о о о 


bd pe Br., P ACH 


A B C 
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(b) The enol leading to A is the more stable one because it has the greater number of alkyl substituents on the 
double bond. Hence. compound А is the a-bromo derivative that is formed. 


OH OH 
к= v. CH; aia CH; 
E. S 


enol intermediate enol intermediate 
involved in the involved in the 
tormation of A formation of 

i more stable enol) compounds В and C 


22.67 The dibromo derivative is a mixture of diastereomers: the (+)-diastereomer (that is, the racemate) and the meso 


diastereomer. 
О [9] о 
| 
Ph C Ph * Ph Ph Ph Ph 
IY | [y 4 iV f 
Br H H Br HBr BrH Br H Вн 
(+)-1.3-dibromo-1.3-dipheny|l-2-propanone mes0-1.3-dibromo-1.3-diphenyl-2-propanone 


22.68 The discussion on text pp. 1113-4 explains that enols are intermediates in the acid-catalyzed bromination of 
aldehydes and ketones, and that enol formation is the rate-limiting process. As explained in Sec. 20.1 1A, an 
enol intermediate is also involved in the decarboxylation of a B-keto acid. Thus, the bromination reaction 
described in the problem evidently involves an enol intermediate, and formation of the enol is the rate-limiting 
process. Hence, the rate of the bromination reaction is zero-order in bromine. 


ratc-limiting 
process 


Oo о OH о 
! Br4 
CH,CCH,COH ———» CO, + CH,C—CH, ———5» CH,CCHBr + Ий 


22.69 Itis reasonable to hypothesize that the carbon atom of the iodoform must originate from the central carbon of 
the f2-diketone: 


source of iodoform 
j 


SO wy] S 
{ IET PAL \ 
\ Ph—C—CHj:1- C—Ph | 


==, d a 


source of benzoic acid 


/ 


Base-promoted iodination occurs at the central carbon by the usual mechanism involving enolate ions to give 
the diiodo ketone A. Hydroxide then displaces an a-diiodo enolate anion B in a nucleophilic acy] substitution 
reaction; this resonance-stabilized anion is a fairly good leaving group. Anion B is then iodinated, and the 
resulting triiodo ketone C undergoes the final steps of the haloform reaction illustrated in Eq. 22.27e on text p. 
1116 to give iodoform and benzoate anion. The two equivalents of benzoate anion produced in this sequence 
give benzoic acid when the reaction mixture is acidified. 


0 n T U 
l I4. base | OH 
Ph— C— CH»—C—Ph — Ph — C— Cl4— C— Ph > 


A 
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о о о о 


ar | А || - | 
PL—C—O + LC—C—Ph ——» ЦС С Ph Op nci, + ОС Ph 
benzoate ion B C iodoform benzoate ion 
22.70 (a)  Thea-hydrogens and the N—H hydrogen are acidic enough to be replaced. These hydrogens are shown 
as deutcriums іп the following structure. 


о 
» 


о 
\ 2 E ND—C— Ph 
D-| li 
SAN 
H 


The stereochemistry of the deuterium at the ring junction could be a mixture of “up” and “down” (that is, 
trans and cis), because the planar carbanion intermediate could be protonated from cither face. (See the 
solution to Problem 22.1 1a on p. 770 of this manual.) However, because the trans-decalin derivatives 
are more stable than cis-decalin derivatives. and because the reaction conditions provide a path for 
equilibration of the two isomers, the stercoisomer shown above should be the predominant one. 

(b The two a-hydrogens are acidic enough to be replaced. These hydrogens are shown as deuteriums in the 
following structure. 

о ~ 
(CH3) CD -C—X ] 


J 


> ad 
22.71 (a) The isomerization favors compound В because trans-decalin derivatives are more stable than c15-decalin 
derivatives. (See Sec. 7.6B. text pp. 295-7.) The isomerization mechanism involves formation of an 
enolate ion intermediate, which can be protonated on either face to give A от B. respectively. 


CHiO ) AN 
v O TE о CH;O о 
H СНО —H«* “ | 3 H 
K AN e” 25. ~ SN IN 
[1] Ji | | «— | | | 
H H H 


enolate ion intermediate 


(b) Тһе analogous isomerization of compound C cannot occur because there is no a-hydrogen at the ring 
junction. Only the removal of an acidic hydrogen at a ring junction could lead to isomerization, and the 
hydrogen at the other carbon of the ring junction is not acidic enough to ionize under the conditions 


given. 


22.72 


н 
PN 7 О O Н 
N^ о «=>: N / О == N о 
[6] О 


(S)-thalidomide (R)-thalidomide 


22.73 (а) Тһе equilibrium favors the a.8-unsaturaled isomer because it is conjugated. Conjugation is a stabilizing 
effect because of the additional z-electron overlap that is possible in conjugated compounds. (See Sec. 
15.1A, text pp. 713-716.) 
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(b Тһе mechanism in aqueous base involves a resonance-stabilized enolate ion intermediate, which can be 
protonated on either the a-carbon or the y-carbon to give the respective unsaturated ketones. 


о І [6] о о 
a = | | | 
р он "A Ср <> © | a ad | + “OH 
м7 CA 2 | ip e d 
^ / | $.. Y 


- HÓ—H«— H 


(c) Тһе mechanism below commences with the dienol 1.3-cyclohexadienol. which is formed by the usual 
acid-catalyzed enolization mechanism (Eq. 22.17h on text p 1112). Protonation of this dienol gives a 
tesonance-stabilized carbocation. which is the same as the protonated a.f?unsaturated ketone. Loss of 
the O—H proton gives the o, -unsaturated ketone itself. 


-H 
- о 
C 
A m г? айа" 
Р ^ > РА P 
| У => (© < > b. ) =” + H—OH, 
22 (№ m P Li 
н -- OH» | 


+O- 
о 
| 
| 


„7 ed 


H H H 
1,3-cyclohexadienol 


(d) Тһе equilibrium constant for conversion of 4-methyl-3-cyclohexenone into 4-methyl-2-cyclohexenone 
should be smaller, because the additional alkyl substituent on the 8, y-double bond tends to offset the 
stabilizing effect of conjugation in the a. g-unsaturated derivative. 

о [9] 


|| Д 
CH; CH; 


4-methyl-3-cyclohexenone 4-methyl-2-cyclohexenone 


22.74 (a) Тһе exchange of Н“ occurs by the usual enolate-ion mechanism. 


Г) 
р-“-бсн; 
1 : 
our E | 
30 HQ \ D. 
PE C жо | + сно 
“сн; CH; CH; 
+ CH,O—H 


Removal of either hydrogen H‘ or H“ gives an anion that has resonance structures which show that it is 
an enolate ion. Hence, these hydrogens are acidic enough to undergo exchange. The exchange of H' is 
shown explicitly below; you should show the exchange of H^, which occurs by essentially the same 
mechanism. 
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о о e? o 
"d O^ 
I Л Pr 
A - | < > | < > | Am 
Ae ~ N чм E ES ^ м 
~ Сусн, ^ “сну "v “ен, v “ен, 
[ 
CHOW 5 »D А Н; yi 
CHjO + | | 
М “сн, 


| 
р 


(b) Although Н? is an a-proton, it is not acidic because the anion that would result from its removal is not 
resonance-stabilized. The reason is that the orbital containing the unshared electron pair in this anion is 
perpendicular to the 7-electron system of the carbonyl group and cannot overlap with it. An equivalent 
resonance argument is that if the overlap which lies at the basis of resonance were to occur. the nuclei 
would have to move and a cumulated double bond and the attendant large amount of strain would be 
introduced into the six-membered ring. 

„о О” 

— | Е 


P diss. 


“ 


Be i 


overlap introduces 
strained cumulated 
double bond 


(c) Hydrogen Н? is not acidic in the a.B-unsaturated ketone. However, as shown in the Problem 22.73 (text 
p. 1174), the a,B-unsaturated ketone readily isomerizes (о a B, y-unsaturated ketone. lonization of H^ in 
this compound gives a resonance-stabilized anion, as shown in the solution to Problem 22.73b, p. 800 of 
this manual. Hence, H^ exchanges. and the fJ. y-unsaturated ketone isomerizes back to the 
a, B-unsaturated ketone. 


o 
| H | è £^ P. 
> ML OCH > 
Fg a, OCH, xX 3 CH,OD NH 
«—— ——R | | H 4«—— ——À < 
; nN (Problem 22.63) ZA 
SH “cH, e “22 Nen, CH; 


i 


Сн” + [ Ed жа | | 
22 ~ 
M “сн, ^c 


(d) The protons on carbons indicated by arrows or the one attached to the oxygen would be exchanged for 
deuterium under these conditions. 


Na pari of tha manual muy be upi OF distributed without ретте of the pubinhe К you fend an enorin this manual please ve /ipeople pharmacy puiduè edu/=lo T/Vachng/ 


802 


22.75 


22.76 


CHAPTER 22 - ENOLATES, ENOLS, AND а, 8-UNSATURATED CARBONYL COMPOUNDS 


(a) 


th) 


(a) 


(b) 


cH, OH ~ 


Although ethers are usually more basic than carbonyl oxygens. in compound A the carbonyl oxygen is 
protonated because the resulting carbocation has Ал + 2 7 electrons: that is, it is aromatic. Remember 
that increasing the stability of the conjugate acid in an acid-base equilibrium decreases its acidity (or 
increases the basicity of the conjugate base). The aromaticity of its conjugate acid thus explains why 
compound A is more basic than compound В. Compound В is protonated on the ether oxygen and has 
the basicity typical of an ether. 


* .. LII .. 
ui H :07 B :07 H 107 и О: 
~ - И” ср. L „^^ “ 
© Мм we »- S AS a 
| | < > <—> | , y < > | | 
67 S^ o^ t b "e 
conjugate acid of compound A | H 


Гап aromatic species) conjugate acid 


of compound B 


The relative basicities of these two compounds are deceptive because they involve protonation on 
different oxygens. The conjugate-acid pK, of a ketone is typically —6. Hence, aromaticity actually 
raises the pA, of the conjugate acid of A by about 6 units. 

Tropone is unusually basic because its conjugate acid is an aromatic carbocation. 


oH о-н 


conjugate acid of tropone 
tan aromatic @-hydroxy carbocation] 


The consequences of aromaticity on the pK, of a conjugate acid were explored in part (a). and these 
apply equally here. 


As shown in Fig. SG22.2 on page 771 of this manual, the more stable a species is relative to its conjugate 
base the less acidic it is. Consequently, resonance stabilization of an a. j-unsaturated carboxylic acid 
decreases its acidity. assuming that the resonance structures for the conjugate base аге less important. 
The pK, of the last compound, butanoic acid. is the reference value—the pK, to be expected for a four- 
carbon carboxylic acid containing no carbon-carbon double bonds. In the first compound, 3-butenoic 
acid, the carbon-carhon double bond is not conjugated with the carbonyl group. Hence, the difference 
between its pK, value and that of butanoic acid is due to the clectron-withdrawing polar effect of the 
carbon-carbon double bond. 1f the polar effect were the only effect operating in the middle compound. 
trans-2-butenoic acid (crotonic acid). it should Бе the most acidic compound in the series, because the 
polar effect of any group on acidity increases when the group, in this case a carbon-carbon double bond, 
is closer to the site of ionization. Because trans-2-butenoic acid is in fact fess acidic than 3-butenoic 
acid, some acid-weakening effect must also Бе operating. and this is the resonance effect discussed in 
part (a). 


53 dithered wits 


“паш; 2 of fle рй, i 


SOLUTIONS TO PROBLEMS: CHAPTER 22 803 


22.77 (a) Тһе a-hydrogen of any nitro compound is particularly acidic because the conjugate-base anion is 
stabilized both by resonance and by the polar effect of the nitro group (note the positive charge next to 
the negative charge of the carbanion). 


306 20: 
«Сну» М — я> (CHy;C—N 
ʻo: то: 


the conjugate-base anion of 2-nitropropane 


(b To answer this question, ask where besides the anionic carbon there is negative charge and a pair of 
electrons that can he protonated. Ах the resonance structures above shaw, the negative charge of the 
carbanion is shared bv the oxygens of the nitro group. Protonation of either oxygen gives the nitro 
analog of an enol, which is called an aci-niuo compound. This is the isomer that is requested in the 
problem. (See also Problem 22.9a. text p. 1112. and its solution on p. 769 of this manual.) 


он | jo 
slow 
(CHi)4C—N O7 (CHySCH—N 
ʻo: io: 


an aci-nitro compound 


(c) Because 2-nitropropaae is much more acidic than ethanol, it is completely converted into its anion by 
sodium ethoxide. This anion, like many other “enolate ions,” undergoes a Michael addition to ethyl 
acrylate to give ethyl 4-methy]-4-nitropentanoate. 

(CH 3)2>CCH5CH»CO>Et 
хо» 


ethyl 4-methyl-4-nitropentanoate 


22.78 Intermediate А is the anionic product of a crossed Claisen condensation. This anion undergoes a Michael 
addition to the a,8-unsaturated ketone. and the product of that reaction undergoes an intramolecular aldol 
condensation to give compound В. Hydroxide ion effects a reverse Claisen condensation that removes the 
formyl group. The steps are outlined helow: you should provide the mechanistic details using the curved-arrow 


notation. 
NaOEt 
CH; О CH; о 
ali «din 4 ^7 H4C—CHCCH;CH 
2 ‹ | z ERT. ы 
| | EOCH 4, EtOH + 2 : 3 
PrN — (crossed (Michael addition) 
о Claisen) 
H 
CH; CH; 
@ ` “ү (CH4ACO. K* € -OH 2 м 
W : ^ (intramolecular НЗС (reverse Claisen) НЗС. ) 
Za eS Le, - - ` he л M^, 
o^ Ai s aldol | hs dite ü 
CH. o condensation) "P ЭРО, PN 2 
2 CH—O 92 << о О 
CHCH). — СН» B in 
Ому тта + НСО 


| 
О 


22.79 (a) One full equivalent of base is required in the Claisen or Dieckmann condensation to ionize the product. 
Without this ionization, the condensation equilibrium is unfavorable. (Sec Sec. 22.6A, text pp. 1133-6.) 
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(b) 


(c) 


(a) 


(h) 


(c) 


(d) 


(e) 


(f) 


(a) 


(b) 


Sodium phenoxide. the conjugate base of phenol. is about 107° times as basic as sodium ethoxide. Thus, 
sodium phenoxide is not basic enough to ionize completely the Claisen condensation product. Without 
such an ionization, the condensation cquilibrium is unfavorable. 

The equilibrium for the Claisen condensation is rather unfavorable and requires the final ionization of the 
product to proceed to completion. Under acidic conditions. no base is available to cause this ionization. 
In addition. an acid-catalyzed Claisen condensation would require the enol of an ester, because enols are 
the a-carbon nucleophiles under acidic conditions. As shown in Eq. 22.13. р. 1110, the formation of 
enols from esters is much less favorable than the formation of enols from aldehydes or ketones. The 
much lower concentration of reactive intermediate would translate into a much reduced rate. In 
summary. both the rate of the reaction is very low. and its equilibrium constant is highly unfavorable: 
hence. no reaction is observed. 


An alkylation of this type requires a base that will rapidly and completely convert the ester into its 
conjugate-base enolate anion so that the enolate ion is not present simultaneously with the ester. In the 
presence of sodium ethoxide. however, small amounts of the enolate ion are present together with large 
amounts of the un-ionized ester; consequently. the Claisen condensation will occur as the major reaction. 
In all likelihood methyl iodide will alkylate the anionic product of the Claisen condensation to give the 
following compound: 


о CH о 
! | 
сизсн;с—с— Сон 
CH; 
The conjugate-base anion of diethyl malonate would he formed with sodium ethoxide, but it would not 


react with bromobenzene because the latter compound. an aryl halide. does not undergo Sy2 reactions. 
(See Sec. 18.1, text p. 880.) 


Alcohol dehydration involves a carbocation intermediate, and carbocations a to carbonyl groups are 
particularly unstable. The desired dehydration will not occur. The more likely reaction would be 
polymerization of the ester by reaction of the hydroxy group of one molecule with the carbonyl of the 
other. 

The first step will effect a halogenation of the carboxylic acid. However, an attempt to form the 
Grignard reagent will fail. because the Grignard reagent will be destroyed instantly by a protonclysis 
reaction with the a-bromo acid. Because the Grignard reagent does not survive, its reaction with 
acetaldehyde cannot occur. 

This is a crossed aldol condensation in which the conjugate-base cnolate ion of the ketone reacts with the 
aldehyde. A mixture of isomeric products will result because there are two possible conjugate-base 
enolate ions of the ketone that can react. Moreover. a very significant, if not predominant. competing 
reaction will be the aldol condensation of acetaldehyde itself. 

In addition to bromination of the benzene ring, the acidic conditions will also promote a-bromination at 
the methyl group. Lewis acids can catalyze this reaction just as Brensted acids сап. In addition, HBr is a 
by-product of ring halogenation, and this can also catalyze a-halogenation. 


The gas is Н, and the species A is the sodium salt of the conjugate-base enolate ion of 2,4-pentanedione. 
As the resonance structures indicate, the negative charge, and therefore the nucleophilic character, of this 
anion is shared by both the anionic carbon and the oxygens. 


o Mm Po ("= (7 © 
in уй SH р i | J А 
CH,C— CH--CCH, “> CH,C-* СН=- ССН 1—8» CH,C— СН— ССН, | Na 
| 
А 


The three species that are formed all result from reaction with a nucleophilic atom with methyl iodide in 
ап 52 reaction. The products are the two stereoisomeric ethers В and С and the alkylated f7-diketone D. 
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О о 
NN ING 
CH,0 C—CH; нс C—CH, n o 
с=с с=с CH:C—CH—CCH, 
MERE "AZ: “2 7T 
H34C H CH;0 H CH; 
B С р 
22.82 (а) 
OH 
+ = 
ава sa 
3 methanol (four stereoisomers 
—— >» 
are possible) 
2-cyclopentenone C2H5 C2H5 
3-ethylcyclopentanol 
(b) 
[9] о 
1) Li* (СНз) Си DC HiMel 
2) H4O* 2)H LO" + 
—_ CH; 
CH; 
3-methyl-2-cyclohexenone CH3 с 
1.3.3-trimethylcyclohexanol 
(c) 
о о 
СОЕ! $. 
NaOEt — -COzEt 2 1) NaOH 
1 EtOH CICH5Ph е 2) H30 , -CO, 
EtO4C(CH4)sCOoEt. => ————— СН РЬ ——————— 
diethyl pimelate 
o 
CH>Ph 
2-benzyleyclohexanone 
(d) 
1) NaOEt, НОН 1) NaOEt. EtOH 
эсин сну 
E10.CCH,CO.E1 > a ро,сснсозЕ: 27 —? 
aM | 
diethyl malonate CH, 
CH; 1) LidlHy CH; 
^ 
E10,CCCO,Et DHO . HOCH-CCH-OH 
| | 
CH; CH, 
2.2-dimethyl-1.3-propanediol 
(e) 
1) LiAIH, 
4 + 
H.C—cHCO;E НСХ y N =<ссн.сн›СО;Е! re H;NCH3CH4CH3CH4OH 
3) cb mx ey 


ethyl acrylate 
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(f) 
1) ШАН, 
2) H0* 
(CH,CH,),NH 3) -OH 
H,C—=CH—CN — — —» (CH3CH;2;9NCH;CH;CN —— ——— (CH4CH;9NCH;CH;CH;NH,; 
acrylonitrile 
(g) 
о 
| 
о n ErOCOEt о 1) NaOEt. EtOH 
OH (solvent) | 2) CH,CH;B 
рьси,Сон POH (solvent. percor (X659 pe percor, 2 СНС 9281 
T H«^SO, (catalyst) 3 NaOEt | 
& phenylacetic 7 СОЕ 
acid : 
CH;CH2 О : 
l НО. heat 
PhC — COEt 3» CH;CH.CHCO;H 
| -EtOH Du nV. 
СОЕ! Os Ph 
2 phenylbutanoic 
acid 
(h) 
о о о 
| Н;504 I H^. cat. j 
2Ph—C—CH, = » Ph—C—CH-—C-—CHi = » Ph — C— CH>CHCH: 
acetophenone Ph h 
1,3-diphenyl-1-butanone 
(i) 
o o D у, AICI, o 
| SOCIA | v 7 | | р-О, base 
HOCCHPh ^» CICCH,Ph —  — — a PhCH Ph = > 
phenylacetic acid 2) H3O 
О 1) LiAlHy OH 
| 2) dil. Н›О* | 
PhCCD;,Ph — — M PhCHCD,Ph 
G 
о о єн» 
р р D | D 
= + 
D0, base 205 CH,— PPh; FIT 
cyclohexanone 
(k) 


3 

acetyl СНО 

chloride о 
(assume рага is the major | 
product, and can be separated ч. A 
from the ortho isomer) CH; 
сњо 
(1) 
1) NaOEt, EtOH 1) NaOEt, EtOH 
И 2) CH,CH»CH>B1 R з 2) CH|I 
(EtO4C)4C н» —— = = (ЕОС) CHC Hac HCH, -— » 


diethyl malonate 
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Н.О“. heat SOCI» 
(EIO3CICCH3CH3CH s м» HOSCCHCH;CHSCH; — = 
і mU | Е 
CH, -СОз CH; 
о 1) Li* (CH3CH2CH2CH2)2Cu о 
Il 2) H,0° || 
CICCHCH3CH3CH i »- CH1CH3CH;2CH3CCHCH3CH5CH 
| | 
CH; CH; 
4-methyl-5-decanone 
(m) 
(0) [e о о О 
NaOEt, EtOH ^ + 
SS = OEt ~ арс 
ш = 


22.83 In the first step, the conjugate-hase anion of diethyl malonate reacts with mesityl oxide, an а, j-unsaturated 
ketone, in a Michacl addition. 


uw QI» А xx о 
(EIOCSCH (CHC -CHCCH, —> (CHC -CHCCH, ОЕ. (CHC _сн,ссн, + “ОЕ! 
| 


conjugate-base mesityl oxide СН(СОЕг), CH(CO4ED^ 
anion of oe 22 
diethyl malonate compound А 


А crossed-Claisen condensation between the enolate ion of the methyl ketone and one of the ester groups then 


cnsuces. 
[9] 
i 
(СНС —CH CCH) 
»uc ==” = 
и (ig a нк- Сы 
EtO4C * _ и = 
3C o 
oo СОЕ! 
conjugate-base enolate 
of compound A 
о о 
- H 
но" 
H-OB + нс » HAC. 
о о 
нс | H3C 
CO,Et СО»Е! 


compound В 


Dimedone results from the saponification and decarboxylation of the remaining ester group (a f9-keto ester) in 
compound B. 
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Oo о 


| | | 


> E 
"dim" a ~ 


p "OH I «T H4O' í 
M an i» ,‚ _ " 
H;C~ Al нс x | het НС І + со, 
Г о 7 “о Neu S 


H3C HaC Ке 
СО»Е! CO, dimedone 
+ E:OH 
Note that the acidic C—H ionizes again during the saponification. This ionization is what prevents a reverse 
Claisen condensation from occurring in which OH reacts wtih one of the carbonyls of the B-diketone. 


22.84 This reaction is essentially a type of crossed-Claisen condensation in which the “enolate ion" is the conjugate- 
base anion of urea. A second reaction of the same type closes the ring. The following mechanism starts with 
the reaction of the ionized urea with one of the ester groups. 


£) >O0Et 
м ОЕ S ^x | o Or о 
Ae HN. 20 o* Pa 2 "Go е 
| » | » | ^ > 
Et— C—Et | Et— C—Et | Et— C—Et . 
А i NH> NH . 
| NH3 ) | са 
C С C 
O^ “ОЕ 02 “OE o^ ош Н "ok 
О о H H 
м 
Tee ER 4 д... „М. 36 O. ,N, 70 
| | EI^; VUES S Т” 
idt indi. * > кє аз » n чн + ОЁ 
^ ~ er a d и 
o s on gt. Et T 
1 ке, ( 'OFt JM 
2 о 
+ Н — ОЕ Veronal 


As in other Claisen-type condensation reactions, the product Veronal is ionized by the ethoxide base. and 
Veronal is regenerated when acid is added. (These final steps are not shown in the foregoing mechanism.) 


22.85 The synthesis of pentothal involves, first, preparation of the substituted malonic ester derivative, and then 
condensing it with thiourea, the sulfur analog of urea. 


сну‹со-Е у, ОЕ EIOH — „н CH сньсненісо ву. EE OEC EIOH „_ 
a? 2 3 CHCH;CHSCHBI di su | T »CHCHB 
CH, 
CH; 
H 
S HC 1 
CHCH; i "| Sx ANZ 
| | HN —C -NHs | H30", H20 CH;CH3CH3CH | Lg 
CH;CH4C HiCHC(COSED: oe à VAS ан 
CH, cH,CHY TD 
о 
pentothal 


22.86 Compound B is an aldehyde (it gives a positive Tollens test); therefore, compound A is a primary alcohol. 
Compound B is conjugated (it has a strong UV spectrum), and it has the same carbon skeleton as octanoic acid 
(an unbranched chain of eight carbons). Therefore, compound В is 2-octenal, and compound А is 2-octenol. 
(The data do not differentiate between the £ and Z stereoisomers.) [n order to form 2-octenol, lithium 
dibutylcuprate must undergo a conjugate addition to the epoxide: 


һо Li’ 


| | но” 
CHjCH2CH2CH1—Cu — НС СН Сн —CH; —» CHiCH3CHACHSCH3CH —CHCH30 Lit — » 


CH4CH3CHsCH^ + CHj,CH,CH,CH.Cu 
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РСС _ 


CH,CH3CH4CH3CH4CH —CHCH30H CH,CH;CH;CH;CH;CH —CHCH =0 


2-octenol (compound A) 2-octenal (compound B) 


22.87 (a)  Thisis an aldol addition: dehydration cannot occur because the resulting alkene would violate Bredt's 
rule. The mechanism below begins with the enolate ion of the methyl ketone, which is formed when a 
proton is removed by potassium carbonate. 


о 
|| 
HG С Ка „О Hac „О A CH, 
NU OH, ; c^ V Lc? Д; 
M B TCR UE É 
: | 4 | a ES 0 
= 0 a |o— = VI 
Эм, t м is e 1] ^ed 
ЧЕ. *- А “CH3 Pa C H^ HO 
Coa) о / y | HO 
—H-—CO 2 
3 + CO; 


(b) The mechanism shown below begins with an a-hromo enolate ion, formed by the removal of an a-protan 
by NaH. This ion displaces a bromine in an internal nucleophilic substitution reaction to form the ring. 
An ЕЗ2 reaction of the resulting compound with NaH as the base gives the product. (Recall that E2 
reactions are particulerly rapid when the proton undergoing climination is particularly acidic; sce Sec. 
17.3B. text pp. 848-9.) 


ok 
жы СО»Е! / Z| COsEt fS VE 
б ) >B + 7 » ( + №? Вг + Hy 
[сози “сов Sede 
\> Br He | 
H — Na 


(c) This is a double Claisen condensation followed by hydrolysis and decarboxylation of the ester groups. 
The mechanism below begins with the conjugate-base enolate ion of the diester. 


ON ns ГО, c*oE 0 
E —OB COSE < созы COSE: 

^u > [ -———» Qu* V Ө = 

ОЕ! 

“соь COH “со; DN “созк 

il j ОЕ d ОЕ! 

о 

о о о 


COSE: | ‘OnE | СОЕ! 
Pec pup 7002 


H—OEt + lab - о» | ———» * OEt 
b: 
C ~ COSE! e dio СО»Е! Br cont 
т 98 о Gort d 


Compound A forms a conjugate-base enolate ion under the basic conditions but is regenerated when acid 
is added. Hydrolysis of the two ester groups and decarboxylation of the resulting f3-keto acid groups 
give the product. [n the step labeled (a). the hydrogen that is removed is not the most acidic hydrogen in 
the molecule. (Which hydrogen is most acidic?) However, removal of the most acidic hydrogen does 
not lead to the observed product. Removal of the hydrogen shown, although occurring less frequently, 
leads rapidly to product. 

Note also that the second condensation reaction could involve the reaction of a different enolate ion 
with a different ester group so that the f3-keto ester shown on the right would be formed: 
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o о 
COsEt aui. СО»Е! 
Ay - r 2 
EtO4C 2 EtO4C 
ЕО О 


о 
alternate enolate for 
second condensation 


Ester hydrolysis and decarboxylation of this compound would also give the observed product. 

(d) This reaction is crossed aldol condensation followed by an intramolecular crossed aldol condensation 
followed by the same sequence with another molecule of dialdehyde. The following mechanism begins 
with the conjugate-base enolate ion of the diketone. Although the dehydration step is shown for brevity 
as a concerted process, it probably involves an enolate-ion intermediate. (See Eq. 22.44. text p. 1121.) 


yw d 
о 


T о о H-—0H 


repeat the same 
reaction sequence 


2 
CH =0 
анаи - > 
repeat the same к. 
reaction sequence 


о о 
(е) 
| е 9 Ке, 
\ fo 
(CH3),CHCOEt E (CH; CCOEt A/V И » =» 
-90 °C Et 
НС CH; 
o (0 Oo 
(СОЕ! 
нс CH; H3C CH, 


(f) A carbon-carbon double bond of a dienol on опе ring reacts with the protonated carbonyl group on the 
other. The mechanism below begins with a protonated ketone. 


Ma pari of омї Manual may be upicaced zr dstibured wkt д А ceria of the рибе Кус. fir dan erat ^ tht n !^t12//0606 е ога тасу pxrdue ed. - teudonen/te м hng 


SOLUTIONS TO PROBLEMS » CHAPTER 22 811 


[0] о 
remainder of 
the molecule 
ы“ 
« \H он» ZA + 
[9] 9% у 
fi o >» p 4 \ — 
* * H 
Ó о нон, o 
+ ОН» 
H H H x 
[0] о 
li iL 
+ 
— cd + H— OH, 
OH OH 
("o o 
zi 
H” oH, 


(g) This reaction is a dou5le crossed-Claisen condensation followed by an intramolecular transesterification 
reaction in which the anionic oxygen of an enolate ion serves as the nucleophile. (The oxygen, rather 
than the anionic carbon, acts as the nucleophile because a six-membered ring is formed: reaction with the 
anionic carbon would give a strained four-membered ring.) The mechanism that follows begins with the 
conjugate-base enolate ion of acetone. Acid-catalyzed hydrolysis of the diester by the usual mechanism 
gives chelidonic acid. 


о о о 
{| | identical 
Hic CH, HC" ali Hug "ed. 160000 
7 о ] * 2 -] "o sequence 
р. 577 » ws un » Xx. 
E10€ Б“ 5 кос So кос” “о 
ОЕ! TOEI + ЕО 
о Г о о 7 
LE. | H е H C 
^w С^ CH, | КС єн; “er Son, 
EO HY? ——»- | <> T pv со» 
C. С AG. Ec. A 
БОС” “о jj "COSE ВОС” "0 // `СО»Е! EtO4C ог // СОЕ! | 
" о À | о 04) 
L + EtOH 1 
о о , о 
| EN IL 
„М, г — H OEt E- » 
| | —-— EL — Í == 
— A^ ^. a T 
кос ^ "o^ COE! Бос "o^ V COE! EtO4C *oZV COSE! 
2 о” O х OH T “он 
XH —OEt * EtOH 


о 
acid-catalyzed hydrolysis | | + СОН 
of this diester gives chelidonic acid — 7 — 


E105C о СОЕ! 
diethyl ester of chelidonic acid 


22.88 (a) Тһе conjugate-base enolate ion is alkylated by the alkyl halide. Then the conjugate-base enolate ion of 
the alkylation product is formed and reacts intramolecularly with the second alky! halide group to form a 
ting. Hydrolysis and decarboxylation of the ester group give the following product. 


TAM э Geet -— | ow - LII , wwe 
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Q 
о ds о 
| iE E кыйак НО“, heat ES Il 
CH,CCHCO,Er -NeOEt EIOH p Е 4 e »— C— CH; 
at “ 1 ‘co E EtOH 08 z 
(CH3)4Br 2e -С0› 
product of the product of the 
first. alkvlation second alkylation 
(b) Тһе lactone, a cyclic ester. can form an enolate ion. and this ion is alkylated by methyl iodide. 
о 
/ 
НС. yg 
Y \ 
[9] 
n А 


(с) This is a nucleophilic aromatic substitution reaction in which the nucleophile is an enolate ion. The ester 
groups are hydrolyzed, and one of the resulting carboxylic acids is decarboxylated. by the hot acidic 


conditions. 
CH(CO3EDs CH3COSH 
| 
NO; NO» 
# з 2 2 
adr val H20. H30*. heat dir di 
| » + 2EOH + CO, 
YS м 
| 
NO; NO; 


initial substitution 
product 
(d) Lithium aluminum hydride reduces the carbonyl group to an alcohol. 


OH 
| 
CH—CH; 


(e) This is a Michael addition in which the conjugate-base enolate ion of diethyl methylmalonate is the 


nucleophile. 
CH; 
со jEt 
(920 
HC 


(f) First. an aldol condensaticn yields the product shown below. Conjugate addition of cyanide ion, followed 
by hydrolysis of the cyano group and the esters, and finally decarboxylation, yields the dicarboxylic acid. 


CN 
Сон 
heal рр ~~ 


СОЕ! СОЕ! 


Ph ^s 


(g) Тһе diethylmalonate displaces the chloride of the acid chloride. After hydrolysis of the carboxylic acids, 
the resulting B-keto diacid undergoes two equivalents of carboxylic acid to yield a ketone as a final 
product. 
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0 о 
аа "TS ah hoat 
heat -CO, 


СОЕ CO;H 
о 0 
AA 0H = un PX 
—— 
CO; 
(h) This is a Michael addition in which the conjugate-basc enolate ion of acetoacetic ester is the nucleophile. 
О CO Er 
Г? 


НСС – СНСН,СН,СО;Е! 


(1) The magnesium organocuprate reagent undergoes conjugate addition; the acetal group hydrolyzes; and 
an acid-catalyzed intramolecular aldol condensation ensues. 


о о e o 
| | 
b. Д HC Ie ` 
1 ] H40* " ( ЕТ Є t late 
| 1 P~ Н | 2 90 uL A 2 
"A N(CH, }CH | Sot М Я De тұ 
\ 


product of o7 
conjugate addition 


0) This is a conjugate addition of the magnesium organocuprate reagent. Assume that the isopropenyl 
group (the group delivered from thc organocuprate reagent) enters trans to the angular methyl group to 
avoid van der Waals repulsions. 

НС. CH; 
C 
CH; 


(k) Like part (j). this is a conjugate addition of the magnesium organocuprate reagent. Treatment with 
aqueous acid. followed by heat, hydrolyses the esters, and the compound decarboxylates. 


CH,Mgl 
cot % СОЕ! ; 
a CuCl њо. њо A 
Аү >, - C OH 
со! СОЕ! 


(1) Тһе benzene v electrons serve as the nucleophile in an acid-catalyzed conjugate addition, which can also 
be viewed as a variation of Friedel-Crafts alkylation. 


РЕТ. (SN 
la [Xe 
' ES 


(m) Under ordinary condiiions, aryl halides do not react with the conjugate-base enolates; however, in the 
presence of a transition-metal catalyst, such as Pd|P(¢-Bu)s3],, the reaction proceeds in excellent yield. 
Treatment with acid hydrolyzes the three ester groups to produce a malonic acid derivative, which under 


heat, decarboxylates to the product. 
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HO;C 202 CH;CO;H 


22.80 (a) Use a conjugate addition of cyanide to an a. -unsaturated ester. and then hydrolyze. (Either 
stereoisomer of the starting ester can be used.) 


CH,CH=CHCO3E NaCN > К°=ССНСН-СО-Е шо”. heat >> но„сснсн.со-н 
= t = ^a [| b Rl a 
: 77 dil HOAc ү ое -EtOH ey ees 
CH, NH4 CH; 


(b) Take the same approach as in part (a), but with a different ester. 


NaCN е H О“. heat 
БОСС CH, МХ. уь pEOSCCHCHSCEN P» ПОУССИСН СОН 
i dil. HOAc EIOH | 
СН; CH; NH, CH; 


22.90 (a) A conjugate addition of hydroxide to pulegone gives a 8-hydroxy ketone. which then undergoes the 
reverse of an aldol addition to give acetone and 3-methylcyclohexanonc. 


CH; CH; 
9 Au » M 2 AN 
<. о Ne 
) N 
НС“ 4 CH; Ка CH; 
mJ OH 
CH; CH; 
m hee "ds 
H4C—C CH; + б » | | + OH 
| | ~ м A 
acetone Мл хо ( : F To 
B 
\ 2H -—0H H 
3-methylcyclohexanone 
| NaCN р * НО“, heat à 
EtO;CC — CH — 39 EO CCHCHC ŒN HO CCHCH COH 
| ? dil HOAc c is -ROH h n 
n N 
CH, CH3 NH4 сн, 


(b) Тһе starting material is а B-hydroxy ketone. Ionization of the hydroxy group followed by the reverse of 
an aldol addition gives the product. The reaction is driven by relief of strain in the four-membered ring. 


Let м / >| No 
ЕЧ | рр" N — 
d. 47 Ci. y ) 
*)H сон о О 
J + H—OH 


22.9] (a)  Acrossed Claisen condensation is followed by a reverse Claisen condensation, driven by expulsion of 
the more volatile ester, ethyl acetate. from the reaction mixture. The tertiary proton in compound А is 
very acidic and is removed to give a large amount of a conjugate-base anion (not shown) in equilibrium 
with a small amount of compound A; however, by Le Chátelier's principle, the reaction of A shown in 
the following mechanism eventually depletes this anion. 


и Abia may be upicaced zr d stribured wit a "гош ^ OF tb e pubin” e Куз! 1 ал ео! ait ples se volt nt12//Deoc e pu Maly рхгйие ed - audor Лем hing 


SOLUTIONS TO PROBLEMS * CHAPTER 22 815 


0 — wm 
Cil fg jeu о 
EtOCPh $o—Ph РЬ 
a 5 о c epo cc 
y |! М 
# oid 
CH4C —CH -СОзЕт — —8&- CH,C —CH - COSEt » CH,C—C -COE — > 
H A 
“Он 
о 
V Ph 
Qe о m (3 o 
le | | I =H —OH, 


| 
-=æ PhCCH3CO3Et + ОН» 


CH,C ТС -COE ——» CH,COEt + РЪССНСО;Е! 
| 


ЕО Н 

(b The conjugate-base anion of diethyl malonate serves as the nucleophile in an epoxide-opening reaction. 
Normally, epoxide opening under basic conditions involves reaction with the nucleophile at the less 
branched carbon. In this case, however. reaction also occurs at the more branched carbon because it is 
benzylic and therefore activated toward nucleophilic substitution. (Only reaction at the benzylic carbon 
is shown below; reaction at the other carbon occurs by a similar mechanism.) The resulting alkoxide 
undergoes intramolecular transesterification to give a lactone; hydrolysis and decarboxylation of the 
remaining ester give the product. The lactone does not hydrolyze because the equilibrium favors lactone 
formation when five- and six-membered rings аге involved: see Eqs. 21.12-21.13 on text p. 1110. 


d.) „ОЕР! X P 
"c ^c ^ 


Co j^ ^ JN 
AN 
PhCH —CH; ——> E0,C—CH О —— > E10,C—CH О > 
i | | 4 | | 
PhCH —CH» PhCH —CH» 
(EtO4C),CH 

о о 
| (| 
c C 


Н.О. НО? heat 
—— — ——s- CH. O + CO, + EIOH 
ee 


~ oe | О = 
Et0.C —CH | (ester hydrolysis, | 
PhCH | CH; decarboxylation) PhCH CH, 
+ EO 
(c) This is an acid-catalyzed conjugate addition of water followed by elimination of phenol. The resulting 
enol is then spontaneously converted into the corresponding aldehyde. 
(* 


^ 
oH M ЭН он; ed 
PhO —CH CH CCH, в» PhO —CH —CH ССН; P» PhO —CH —CH —CCH, > 
| **OH OH 
- 
Hy? H«—- OH; 
fy 
+ 
| +H —OH; 
м ^ 
H сон н ‘9 B T \ о 
| | | \ il 
PhO“ CH —CH=CCH, —— > PhO + CH—CH ССН; —— CH=CH —CCH, > 
i - | | 
OH OH Con 
[9] o o 
|| | , 
CH CH, —CCH; = HCCH;CCH, + Н —OH; 
| 
О-Н к 
U o 
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(d) This mechanism is much like that in part (d). except that basic conditions are involved in all steps but the 


last. 
{ТОН 
о | о H n 9 
PhO— CH — CH—CCH, ——» РА --СН СН ССН) ——® cH —CH—CCH, ——> 
HO OH 
"s № + о 


i H — OH, 
O—CH— CH—CCH, — ——JÀÓ» O=CH—CH,—CCH, + ОН» 
(e) lonization of the benzylic hydrogen gives a carbanion that not only is allylic and benzylic but also is 
stabilized by the polar effect of the a-oxygen. The O—H hydrogen is also acidic, and removal of it 
occurs, but the resulting anion does not lead to a reaction. The equilibrium in the reaction is pulled to the 
right by formation of the ketone from the enol, and the overall reaction is favorable because aldehydes 
and ketones have a lower energy than their isomeric allylic alcohols. (See heats of formation in Eq. 
22.110 on text p. 1161.) In addition, the ketone product in this case is conjugated with the benzene ring, 
whereas the double bond in the starting material is not. This provides an additional driving force for the 
reaction. 


OH OH OH 


Г В: А 
PhC—CH —CHCH; „а > |PhCZ-CH —CHCH; «4—8» PhC=CH—CHCH, | а > 


\ 


“н ¢—— OH 
f «—-- OH 3 | 
О H«- o> о | *H —OH 
€ | 
PhC—CH -CH;CH; a — 9 | PhC —CH —CH;CH, 4 в РАС —CH —CH;CH; | » 
с à XH; 


enol 
o 
| 
Он + PhC—CHaCH3CH; 


(f) Conjugate addition with the nitrogen as a nucleophile gives compound А. which undergoes 
intramolecular transesterification. Alternatively, transesterification could occur first followed by 
conjugate addition. 


0 9 Po 
| =| 
CH4CH —CH —C— OMe » CH,CH —CH — С — OMe » CH,CH— CH; — C— OMe > 
) LS b | p tS 
CH,NH—OH H3C—N—H H;C—-N- óa 4 
OH 
A 
С Hi. | ёме С Hi. » C Hy. A 
^ X —— > | yo —— —=O + HOMe 
сн; о cu," 39 cti" -o 
L] 3 3 
ч \ CAS 2 
H Н оме 


(g) а-Суапо esters have acidities comparable to those of -keto esters. (Why?) The conjugate-base enolate 
ion of the a-cyano ester adds to the aldehyde carbonyl group. Elimination of water gives an о. 8- 
unsaturated nitrile, which undergoes conjugate addition with cyanide ton. Hydrolysis of the ester and 
decarboxylation of the resulting acid give the product. 


E(OCCHC—N =< > FEIO CCHCŒEN + Н = OH 


u Сон 
- 
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ei A m Í f OH eon 


Ld 
| i 
PhCH3,CH ——>» PhCHj,CH "НОН > pycH,),cH — > PhCH4CH Е 
E10,CCC=N тее E —С=к ко›с-Сс—с =х 
3 С ÆN а | | 
Et0;CCHC=N H Неон + H—0H 
heat. 
CN H,O. H,0° 

OH + PhCH>):CH SP» PhCH3ICH— C—N з» PRCH3)CH — CN — 

| 2 EtOH is Su ester А 

E10,C—C 2С = E10,C—C—C=N nO аре hydrolysis 
Ц 
УН — ОЕ H 
| 1 Е 
_ + Fro 
PCHD CH -—C=N 4 Ph(CH4)CH —C=N 
"Ue TEE La FIN + - > 
O=C—C—C=N Нон, o= ps eh 
| 7 | 
оон о M 
H H30——^H' 
Ph(CH4),CH -CEN " » H4O + H — OH; + РСН) CH — CAEN 


A. 


+ ь w^ 
Qi + Tap uU" Р-Р Nt On CH3C-N 
j 


H 
(h) This reaction is a “conjugate addition” of cyanide ion on a cyclopropane. Notice that reaction at the least 
branched carbon of the cyclopropane occurs and that the immediate product of ring opening is a very 


stable anion. Heating in acid protonates this anion, hydrolyzes the ester and nitrile groups. and 
decarboxylates the resulting B-keto acid. 


о о 
"'O4N 
COMe ZN CO Me H,O, НО", heat ". idu fare 
— ! » ————————————»- + > + - 
(ester and nitrile \ i dris. 


i~ i g 
) hydrolysis followed by =k 
d ——CN СОН 


CN decarboxylation) 

(i) Conjugate addition of triphenylphosphine to the anhydride starting material followed by proton transfer 
to the initially formed anion gives an ylid A, which undergoes a Wittig reaction with the aldehyde 
butanal. Hydrolysis of the resulting anhydride gives the dicarboxylic acid. 


О re] 9 
/ Д H / 
on p Re EN 
| о > Н. - о » о » 
Ph;P?4 к Sae Pi ‚ ow, 
de ла \ PhP B РР т ~ = 
А, E M : NS т 
А 
? ? 
/ 
H Д H V | CH3CO;H 
H,O, H,0 fo. 
+ о ———» | о <= CH3CH,CH {CH =C 
PhP ~ Z— anhydride E \ 
"es. CH43CH5CH4CH N hydrolysis COH 
0--CH A M 
" 
CH3CH35CH; + Ph;P—O' 


22.92 (a)  Theconjugate-base enolate ion of the a-bromo ester. formed by reaction of the a-bromo ester with 
potassium tert-butoxide, reacts with the carbonyl carbon of the aldehyde to give B-bromo alkoxide A, the 
conjugate base of a bromohydrin. As shown in Eqs. 11.20-11.21 on text p. 520, an alkoxide of this type 
readily cyclizes to an epoxide by an internal nucleophilic substitution mechanism. 
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GN ues 4 o 
PhCH y^ CHCOSE: >» PhCH— СНСО;Е! »- PhCH — CHCOSEt + B 
V k Gh 
A 


(b) One of the two possible conjugate-base enolate ions undergoes an intramolecular nucleophilic 
substitution reaction to give the cyclopropane. Although the other enolate is undoubtedly also formed, 
its cyclization would lead to a different product. In addition, the enolate that leads to product is the more 
stable enolate (why?) In any case, the enolate ion shown evidently reacts more rapidly. 


( pem / О CH3 


K Y 
| * X 
CHiGCHCH3CIH 5 — Cl P» CH CCHCHsCHs—C 


1 э CC- CHCH € C 


H* OH + H OH 


22.93 Conjugate addition of lithium dimethylcuprate to the a.f-unsaturated ketone сап in principle give two 
diastereomers. Only product A and its Clemmensen reduction product C could be optically active. Compound 
B and its reduction product are meso compounds and are therefore achiral. Therefore. compound A, which has 
the (35,55) configuration. is the product of conjugate addition, and product C, which has the (1R,3R) 
configuration, is the Clemmensen reduction product. 


о о о 
1) Li* (СНз) Са 
2) H40* | 
|| — > | + 
нс" нус” CH, нус" "CH, 
(S)-(+)-5-methyl-2- (35.55). (+)-3,5. dimethyl meso-3.5-dimethyl 
cyclohexenone cyclohexanone cyclohexanone 
A B 
| 
| Zn/Hg, НС1 ZwHg. HCl 
Y Y 
HC CH, me“ "CH 
(ВАЗА) - (+) -13.3-dimethyl- cís- 1.3-dimethyl- 
cyclohexane cyclohexane 


C 


22.94 The deuterium incorporation results show that the carbon-carbon double bond is protonated. This is exactly the 
way that enols are protonated (see the reverse of Eq. 22.17b on text p. 1112). As a result, a relatively stable a- 
alkoxy carbocation is formed, and this reacts with water to give a hemiacetal. The hemiacetal breaks down by 
the usual mechanism (see text Sec. 19.10A) to give acetaldehyde and the alcohol. Hydrolysis of vinyl cthers is 
much faster than hydrolysis of ordinary ethers because vinyl ether hydrolysis involves a relatively stable 
carbocation intermediate, an a-alkoxy carbocation. 

In the following mechanism. the asterisk indicates the position of the deuterium that is incorporated into the 
product if the reaction were run in D:O. (All the other “hydrogens” of H,O and Н;О* would be deuteriums as 
well. but these are not shown in the mechanism.) 


| - - H,0 E [ rd 
oH оН» J OH, if OH 
- a 


C3H«0 —CH СН; æC H0 —CH —CH, »- CH.0—CH СН; > 
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4 = 
oH 4 n отн OH, 
я ‘ ы + * 
C4H40 —CH —CH; —»- C4H40 — CH —CH; ——- C-.H4OH ^ CH —CH, >» 
ri 3 Жет Б еа + 
P d ›н —OH, Н +он, 


а hemiacetal \ T 


М2 


O—CH —CH; + Н—ОН» 


22.95 Тһе Wittig reaction gives а vinylic ether, which, as shown in the previous problem. hydrolyzes rapidly to the 
corresponding aldehyde. 
м \ А=0 
сенат —% CH ОСН — PPh; a —— СНО — CH — PPh, cyclohexanone 
M ‘PPh, H the ylid 
Li — CH,CH{CH3CH, + Li CU + CH,CHYCH;CH, 
H,0° 
( Ува re de ( ) CH—O + CH,OH 
product of the Wittig reaction 
(a vinylic ether) 
22.96 


First, form the enolate of the acetyl-CoA with a base in the enzyme. 


( “в 
н 0 О 
" e клы, alrale synthase 


- | 
НС — С— Сод + H—B 


Next. the enolate undergoes an aldol addition reaction with the ketone of the axalacetate. 


| 
[e] 
Finally, the coenzyme A is hydrolyzed off of the citrate, and the resulting carboxylic acid is deprotonated. 
O OH 16] 
ай! l lo X 0. == 
0—C—C—CH; —C—0O 20H; 0—C—C—CH; —C—0O r 
| лы o IE | + (^ SCA — 
pe Lum x 
Qo? O H 
OH О O он О 
UE o ila, 1 
Oo—C—C—CH,—C—O OH, O—C—C—CH, —C—0' + CoASH 
HC — C — O—H cH, —C—0^ + H,0° 
I V | 
о о 
citrate 
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22.97 (a) This reaction is e" to an E2 reaction. 
О 
Nopo; —> OC 0 + HOPO,” 
CH, 
H 


(b) _ As shown in part (a), the Ld on the carbon adjacent to the carbon bearing the phosphate leaving 
group needs to be removed by a base. In order to enhance the acidity of this proton. step 1 converts the 
other adjacent carbon, bearing an OH group. into a carbonyl group. As you know, protons on carbons a 
to a carbonyl are particularly acidic. After the proton has heen removed in step 2. the carbonyl is 
converted back into an OH group, in step 3. 

(c) Reaction 4 also bears resemblance to an E2 reaction, or to the collapse of a tetrahedral] intermediate, 
expelling a leaving group. as in nucleophilic acyl substitution reactions. 

H 


H 
0 OH HO OH 


“0,0 9 “OC 
CH, 
0-7 
H 
VAS 


Reaction 5 is an aldol addition reaction. 


H H 
H H 
О он О OH 
“OC = 
о -70° “CH, um H.C 0 
е Он 


о -0^ °С 


ANE 
3-dehydroquinate 
22.98 A mechanism accounting for the formation of A is shown below. 
H H 
F OH О OH 
OH + — >ч — 
0; HO № 
А 
H CO; 
OH 
о N Ae 
A A d 
[E}-o 
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А mechanism showing the formation of B. and the structure of by-product С, is below. 


о 
l c 
H = — — 
Eho n + HNE [E-o^ NiE 
A 
A "VEL. 
о H H CO; 
OH 
[ELo~ SN HE 2 w^ Y^ 
B C 
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The Chemistry of 
Amines 


STUDY GUIDE LINKS 


[ /# 23.1 Nitration of Aniline 


Remember thet rates of reactions are affected by both intrinsic reactivity (reflected in the 
magnitude of the rate constant) and concentrations of the species involved (Sec. 9.3B. text p. 389). 
Under the acidic conditions of nitration. the highly reactive free aniline is present in very small 
concentration; Ihe much less reactive protonated aniline is present in much greater concentration. 


rate of formation of para-nitroaniline = kparal PhNH ] 


very very 
large small 


rate of formation of meta-nitroaniline = $ pepa | PhNH;] 


very very 
small large 


These two competing rates must be about the same, because comparable amounts of meta- and 
para-substituted products are formed in text Eq. 23.37 (text p. 1205). 


23.2 Mechanism of the Curtius Rearrangement 
Although the Curtius rearrangement is concerted, as shown in the text, it is helpful to think of the 


reaction in a stepwise fashion to see why the rearrangement occurs. There is a strong driving force 
for loss of dinitrogen. a very stable molecule: 


823 
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fi О electron-deficient nitrogen 
= | + 
—C~y-N » R-C-N + INEN: 


Loss of dinitrogen leaves behind an electron-deficient nitrogen: it is electron-deficient because it is 
short one electron pair of an octet. 

Just as rearrangements of alkyl groups occur to the electron-deficient carbons of carbocations, 
so they also occur to electron-deficient nitrogens. 


i [^ 
* .. 
du — —» | O—C*-N—R «—3» 0=C=N—R 


an isocyanate 


In other words, the Curtius rearrangement is driven by the very strong tendency of nitrogen to 
have a complete octet. 


L^ 23.3 Formation and Decarboxylation of Carbamic Acids 


The formation of carbamic acids by hydration of isocyanates is an acid-catalyzed addition to the 
C-—N double bond: 


k 
+ .. í 
ere 10H; 2] " 
" H " HO He, |, HO: 
.. | - | :OH^ A 
R-N=C=0 4a 9 R-N=C=0— 392? R-NH—C—0 15 R- NH—C— 0 + НО 


Hydration can also occur in base by the nucleophilic reaction of OH at the carbonyl carbon. 
(Write the mechanism of this reaction.) The hydration in basic solution gives the carbamate ion, 
the conjugate base of a carbamic acid. The hydration of isocyanates under basic conditions is 
important in the Hofmann rearrangement. which is also discussed in Sec. 23.11D of the text. 

Decarbox ylation is a concerted reaction in which the same water molecule acts as both an acid 
and hase catalyst at the same time. 


| 
о 
c ^ 
"a M erm ll 
e. O/a RNI, + C + њо 
H | 
H ^ 9 
Cro 
| 
H 


The decarboxylation reaction is reversible: that is, amines react readily with CO, to give carbamic 

acids. However, the decarboxylation reaction in acidic solution is driven to completion by two 

factors: (1) protonation of the product amine, and (2) loss of CO, from solution as a gas. 
Decarboxylation is fastest in acidic solution. but also occurs in base: 


ч! may t C y diribuedot оему э ol te put ien F ya. fir d y^ епо! Please vest i 


FURTHER EXPLORATIONS + CHAPTER 23 825 


о 
ll 
~ о 
С^ NN j 
RNHX О > RNH, + C + OH 
ll 
Hu о 
х 
о“ 
| 
H 
This reaction is driven to completion by reaction of the hydroxide ion with CO, to form bicar- 
bonate ion: 
De o 
E^ _ | 
С OH > с 
П 4 O^ ^он 
© 


bicarbonate ion 


If the solution is strongly basic. bicarbonate ion itself ianizes further to carbonate ion. 
Decarbox ylation of carbamates in basic solution is important in the Hofmann rearrangement. 


FURTHER EXPLORATIONS 


23.1 Alkyl Group Polarization in lonization Reactions 


The text points out that alkyl groups can stabilize either positive charge or negative charge, as 
evidenced by studies of gas-phase acidity of alcohols (Sec. 10.1D) and gas-phase basicity of 
amines (this chapter). The purpose of this section is to give you a more concrete feeling for the 
nature of these alkyl-group effects. 

Consider first the stabilization of negative charge by alkyl groups. Let's consider the 
ionization reaction of tert-butyl alcohol: 


(CHpyC он æ > (CH;),;C—O + Ht 


tert-butyl alcohol conjugate base of 
tert-butyl alcohol 


Using a quantum-mechanics program, we can examine the charge on each atom of the molecule 
before and after the reaction. These charges aren't formal charges, which, as you recall, are 
calculated by a bookkeeping procedure, but are the actual charges in the molecule that are present 


as a result of bond dipoles. 
| H 
A H +0.11 H +0.02 
-0.50 m d -040 c. 
ad u^ 
H Xam -0.85 +1.05 -1.06 
„C—O C о 
| N 40.43 и" 
H | 


conjugate base of 


tert-butyl alcohol tert-butyl alcohol 


* € тенсе pul e K yc. сі 


826 CHAPTER 23 - THE CHEMISTRY OF AMINES 


(You can add the charges on the left to verify that they add to zero. which is the overall charge on 
the molecule: and you can add the charges on the right to verify that they add to –1. Remember 
that two of the three methyl groups are not shown). Notice that, in response to the greater negative 
charge on oxygen following ionization, the a-carbon (bold) takes on greater positive charge. and 
the positive charge on the hydrogens is reduced. This is another way of saying that electrons flow 
away from the oxygen onto the hydrogens of the methyl groups. 

Now let's look at the protonation of trimethylamine in a similar way: 


єн: + H' «77 (Сну Н 


trimethylamine conjugate acid of 
trimethylamine 


Here is the result of the charge calculation: 


+0.10 | +0.18 |* 
H H 
H~ c -045 Н — € -0.39 
T, Na J^ NC 0.14 +0.31 
/ -0.39 "d “+0, 
н - H o SH 


7 d 


conjugate acid of 
trimethylamine 


Icimethylamine 


Notice in this case that introduction of positive charge on the electronegative nitrogen causes the 
a-carbons (bold numbers) to become more negative; the additional negative charge is clearly 
coming from the hydrogens, which have become more posilive. 

These examples show graphically how the electron distribution in methyl groups can be 
polarized by nearby charges. Polarization can occur either way, and can therefore stabilize both 
positive and negative charges. 


23.2 Structures of Amide Bases 


Although the structures of lithium amide bases are written as ionic compounds for conceptual 
simplicity, research has shown that the structures of these species are considerably more complex. 
For example, lithium diisopropylamide in tetrahydrofuran (THF) has a symmetrical dimer 
structure (that is, itis a symmetrical aggregate of two units): 


Q @, 
—O о 
x 
i + 
(СН5СН., ó- ^ ёњ "~... 8- „СН(СН)) 
ida IN: » М! 


(сн»СН” >. 7 “сн(сну)› 


к. 
OY 


Each lithium is partially bonded to two nitrogens with “half bonds" (dashed lines in the structure 
above). The nitrogen-lithium bonds are covalent, although they have significant ionic character. 
Each lithium is strongly solvated by two solvent molecules (THF in this casc). The degree to 
which these amide bases are aggregated into larger structures varies with their concentration and 
with the nature of the solvent. 
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23.3 Mechanism of Diazotization 


Diazotization at first sight may seem to be a very strange reaction, but once you understand the 
reactivity of nitrous acid. diazotization should make more sense. 
Nitrous acid in solution is in equilibrium with its anhydride, dinitrogen trioxide. 


2HNO; a > 0—N—0O—N-O + H,O 


dinitrogen trioxide 


Dinitrogen trioxide is the actual diazotizing agent under conditions of dilute acid; under conditions 
of very strong acid. the diazotizing agent is the nitrosyl cation, *NO, formed by dehydration of 
nitrous acid. The dinitrogen trioxide mechanism is explored here. 

The N—O double bonds of dinitrogen trioxide have a reactivity somewhat analogous to that 
of a carbonyl group. They react at nitrogen with nucleophiles such as amines with loss of nitrite. 


30% 7035 
= + k. 
RNH; XN—O0—N=—0 >»  RNH;—N-—0—N— » 


о о 


+ e m 
RNH—N  :0—N-——O — RNH—N + H—O-—-N-—O 
pes as te 


i nitrite anion a nitrosamine nitrous acid 


(The pK, of nitrous acid is 3.2; hence. the nitrite anion is a weak base. and a good leaving group.) 
The product of this sequence is a nitrosamine. Because the amine nitrogen loses only one 
hydrogen in forming a nitrosamine, secondary amines as well as primary amines form 
nitrosamines when they react with nitrous acid (Sec. 23.10C). 

In the case of primary amines. nitrosamines react further under the acidic conditions. First, 
they undergo isomerization to give another intermediate called a diazoic acid. (You should draw 
the curved-arraw notation for this step, which is analogous to enol formation from a ketone.) 


H20. H;0* _ 
RNH—N=0 =>" R—N=N—OH 


a nitrosamine a diazoic acid 


Under the acidic conditions of diazotization, diazoic acids dehydrate to give diazonium ions: 


4 
—OH: H 
R—N-—N- OH ж => Он, + R—N=N—On > R—N=N: + OH: 
G a diazonium ion 
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ЇЇ REACTION REVIEW 


1. AMINES AS BRONSTED BASES AND ACIDS 
A. BASICITY OF AMINES 


1. Halogenation of an aldehyde or ketone in acidic solution usually results in the replacement of опе a- 
hydrogen by halogen. 
a. Enols are reactive intermediates in these reactions. 
b. Enols add only one halogen atom. 


о Р on о № 
HO | M || 
C—CH +, » Qf t» c— + HR 
rate-limiting step enal 


2. The rate law implies that even though the reaction is a halogenation, the rate is independent of the halogen 
concentration. 
rate = K[ketone][H3O*] 
a. Halogens are not involved in the transition state for the rate-limiting step of the reaction. 
b. Enol formation is the rate-limiting process in acid-catalyzed halogenation of aldchydes and ketones. 
3. Introduction of a second halogen is much slower than introduction of the first halogen. 


B. ACIDITY OF AMINES 


1. Alkylamines have pK, values in the 32-35 range. 
2. Alkylamines react with organometallic reagents such as butyllithium to give amide bases. (The term 
"amide" should not be confused with the carboxylic acid derivative of the same name.) 


J | 


^ ZN—H + Li—CH,CH,CH,CH, —= ^ Ni Ше - (ФМ Li + CHyCH,CH,CHy 
dilsopropylamine lithium ditsopropylamide (LDA) 
pk, = 35 


3. Lithium amides find frequent use as strong bases for forming the lithium enolates of carbonyl compounds. 
(Sec Sec. 22.8B, text p. 1148-9а, and Further Exploration 22.1 on p. 754 of this manual.) 


Il. SYNTHESIS OF AMINES; ALKYLATION REACTIONS 


А. GENERAL 


1. Amines are good nucleophiles (Lewis bases). 
2. Three reactions of nucleophiles have been studied in previous sections: 
a. 542 reaction with alkyl halides. sulfonate esters. or epoxides (Sec. 9.1 A, text p. 383: Sec. 9.4, text p. 
391; Sees. 10.4A-C, text pp. 465-9; and Sec. 11.5, text p. 524). 
b. Addition to aldehydes. ketones, and a. -unsaturated carbonyl compounds (Sec. 19.7, text p. 963; Sec. 
19.11, text p. 984: and Sec. 22.9A, text p. 1156). 


c. Nucleophilic acy! substitution at the carbonyl groups of carboxylic acid derivatives (Sec. 21.8, text p. 
1071). 
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B. DIRECT ALKYLATION OF AMINES 


Treatment of ammonia or an amine with an alkyl halide or other alkylating agent (RX in the following 
equation) results in alkylation of the nitrogen. This is an example of an S&2 reaction in which the amine 
acts as the nucleophile. 


NH, + RX P» RNH, + RNH + RjN + R,N'X 


a. The immediate product of the reaction is an alkylammonium ion. 

b. If this ammonium ion has N—H bonds, further alkylations can take place to give a complex product 
mixture. 

c. A mixture of products is formed because the alkylammonium ion produced initially can be 
deprotonated by the amine starting material. 

Epoxides, as well as a,f-unsaturated carbonyl compounds and o.fj-unsaturated nitriles. also react with 

amines or ammonia; multiple alkylation can occur with these alkylating agents as well. 


[е] о О 
NH, ———» НОСН.СНЬМН„  — —» (HOCH ACH2),NH — —3»» (HOCH3CH)\N 
H4C— CH— CN H»C= CH — CN 
КН; i RNH — CHa3CH3CN € pe D RN(CH3CH3CN)5 
cess 


In an alkylation reaction, the exact amount of each product obtained depends on the precise reaction 
conditions and on relative amounts of starting amine and alkyl halide; the utility of alkylation as a 
preparati ve method for amines is limited. 


С. QUATERNIZATION OF AMINES 


Amines can be converted into quaternary ammonium salts with excess alkyl halide or sulfonate ester 
(R—X) under forcing conditions. 


a. This process, called quaternization, is one of the most important synthetic applications of amine 
alkylation. 

b. The reaction is particularly useful when especially reactive alkyl halides are used. 

Conversion of an amine into a quaternary ammonium salt with excess methyl iodide is called exhaustive 

methylation. 


x "NS | Mel чу Me 
N—H excess Mel » NS I 
uf —/ Me 


D. REDUCTIVE AMINATION 


Primary and secondary amines form imines and enamines, respectively. when they react with aldehydes 
and ketones: in the presence of a reducing agent. imines and enamines are reduced to amines. 


1 1 К NaBH, NaBH(OAc),, н 
К / | 
an imine an amine 


imine formation 


a. Reduction of the C=N double bond is analogous to reduction of the C=O double bond. 
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b. The imine or enamine does not have to be isolated; because imines and enamines are reduced much 
more rapidly than carbonyl compounds, reduction of the carbonyl compound is not a competing 
reaction. 

2. The process in which an amine reacts with a carbonyl compound and the resulting imine is reduced to an 
amine is called reductive amination. (lt has also been referred to as reductive alkylation.) 

a. When the reduction step is carried out by hydride reducing agents such as МаВН,. NaBH,CN, or 
NaBH(OAc),, a proton source such as a protic solvent or dilute acid is required. 

b. An imminium ion is formed in solution by protonation and dehydration of the carbinolamine 
intermediate in the reductive amination reaction of a secondary amine and formaldehyde: this ion is 
rapidly and irreversibly reduced. 


+ NaBH4CN 
R2NH Н.о reduchon 


Н.С =O A—— RN —CH,—OH a- E R.N=CH, » R-N —CH,; 
a carbinolamine an iminium ion 
+ 120] 


с. The reaction of an amine with an excess of formaldehyde is a useful way to introduce methyl groups to 
the level of a tertiary amine; quaternization does not occur in this reaction. 
3. When the reducing agent is sodium cyanoborohydride (NaBH CN), the reaction is known as the Borch 
reaction. 


R H 
RNH» \ 7 NaBH3CN 


A ч MeOH, НСІ 


4. To determine the required starting materials for reductive amination: 
a. Starting with the desired compound, mentally reverse the reductive amination process by breaking one 
of the C=N bonds: 
i. On the nitrogen side, replace it with an N—H bond 
ii. On the carbon side, remove a hydrogen from the carbon and add a carbonyl oxygen. 
b. Repeat this process for each C—N bond and evaluate the best pathway. 


CH, єн, CH, H CH; 
HO + | : jJ =? 4 * 
- T x A A ‚ 
HC’ а: 'N^ "cH, me” “7 “о H,N~ "CH, 
H 
CH; CH; CH; CH; 
H,0 + S i 77 Ч =» 1 | + Д. 
НС” “~~ “Nn “сн, Нс” ^v^ “мн, O^ Сн; 
H 


IIl. OTHER SYNTHESES OF AMINES 


А. GABRIEL SYNTHESIS OF PRIMARY AMINES 


1. The alkylation of phthalimide anion followed by hydrolysis of the alkylated derivative to the primary amine 
is called the Gabriel synthesis. 
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! | P 
AN A FNA | Z^ 
(^ Т Ns 1) KOH < r HO - о 
N—H | N—R —— —» H;N—R + 
um AL 2) RX СУ. RN, heat : m | о 
кы. LN. M 7 М у 
N N \\ 
Oo о [9] 


phthalimide 


a. The nitrogen in phthalimide has only one acidic hydrogen. and thus it can be alkylated only once. 
і. The conjugate base of phthalimide (pK, = 9) is casily formed with KOH or NaOH. 
ii. The phthalimide anion can be alkylated by alkyl halides or sulfonate esters (primary or unbranched 
secondary, shown as RX in the preceding equation) іп Sy2 reactions. 
iii. The N-alkylated phthalimide is converted into the free amine by amide hydrolysis in either strong 
acid or base. 

b. Although N-alkylphthalimides also have a pair of unshared electrons on nitrogen, they do not alkylate 
further, because neutral imides are much less basic. and therefore less nucleophilic, than the 
phthalimide anion. 

2. Multiple alkylation. which occurs in the direct alkylation of ammonia, does not occur in the Gabriel 
synthesis. 


B. STAUDINGER REACTION FOR SYNTHESIS OF PRIMARY AMINES 
1. Primary alkyl azides form phosphazides upon reaction with triphenylphosphine. Phosphazides 
spontancously rcarrange to iminophosphoranes, which can be hydrolyzed with water to yield primary 
amines. 
NaN, | 


РЫР 


R—Br R—N; "> R—N—N= =N— PPh, — —» R—N-—PPh, 12, R—NH; 


an alkyl azide a phospazidc an iminophosphoranc 


a. The alkyl azide starting materials are typically synthesized from alkyl halides or sulfonate esters by an 
S42 reaction, so relatively unhindered amines are produced by this method. 

b. The rearrangement of the phosphazide to an iminophosphorane is shown in Eq. 23.56b on p. 1212 of 
the text, and is analagous to the rearrangement of oxaphosphetanes in the Wittig alkene synthesis (Eq. 
19.782. text p.991). 


2. This method allows for :he preparation of primary amines without multiple alkylations of the nitrogen. 
C. REDUCTION OF NITRO COMPOUNDS 


1. Nitro compounds can be reduced to amines under a variety of conditions. 
a. Thenitro group is usually reduced very easily by catalytic hydrogenation. 
b. The reduction of aromatic nitro compounds to primary amines can also be accomplished with finely 
divided metal powders and НСІ. 


` // N 
AEN НСІ / NL 
\ / 


С sms NO „ — 


TE Fe Ра, 


і. Iron or tin powder is frequently used. 


ii. In this reaction the nitro compound is reduced at nitrogen, and the metal, which is oxidized to a metal 
ion, is the reducing agent. 


2. Aromatic nitro compounds react with LiAIH,, but the reduction products are azobenzenes, not amines. 
3. Nitro groups do not react at all with NaBH, under the usual conditions. 
D. AMINATION OF ARYL HALIDES AND ARYL TRIFLATES 
1. Arylamines can be prepared by the direct amination of aryl chlorides and aryl bromides in the presence of a 
base and a Pd(0) catalyst. 
a. Direct amination of aryl halides is sometimes called Buchwald-Hartwig amination. 
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b. The catalysts are typically of the form Раі >, where L is a sterically demanding ligand. formed by 
mixing Pd(OAc), and two equivalents of the ligand. 
2. These amination reactions operate by more than one mechanism. but they are conceptually similar to the 
Heck (Sec. 18.6A). Suzuki (Sec. 18.6B). and Stille (18.1 OB) reactions. 
a. The amine starting material must lose a hydrogen. 
1. Secondary amines produce tertiary amine products. 
ii, Primary amines produce secondary amines that may react further unless the primary amine is itself 
an aryl amine or contains а large. highly branched alkyl group. 
iii. Nitro groups may be present. 


Cl CH;CH; Pd(0) catalyst NEt 
/ Na* "OtBu 2 
R — ee 7 
NO; NO; 


E. HOFMANN REARRANGEMENT 


1. Treatment of a primary amide with bromine in base gives rise to a rearrangement called the Hofmann 
rearrangement or Hofmann hypobromite reaction. 


о 


| 
hy + 2 70H + R—C—NHs >» R—NH, + CO. + 2Br + НО 


2. The first step in the mechanism is ionization of the amide N—H; the resulting anion is then brominated. 

a. The N-bromoamide product is more acidic than the amide starting material and it ionizes. 
i. The N-bromo anion rearranges rapidly to an isocyanate. (See Eq. 23.78a-d. text p. 1178. for details.) 
ii. Because the Hofmann rearrangement is carried out in aqueous base, the isocyanate cannot be 

isolated. 

b. The isocyanate formed spontaneously hydrates to a carbamate ion, which then decarboxylates to the 
amine product under the strongly basic reaction conditions. 

c. When the reaction mixture is acidified, the carbamate decarboxylates to give the amine. 


Me о Ме о Me 
N / Br, N 7 ОН ' 
кесш ы — ,C—C C—N-—C—O 
Er 4 ‘ HO Er 4 deprotonation Ec A 
H NH» H NHB: and H 
an amide an N-bromoamide TES an isocyanate 
Me о Me 
HO \ | но : 
——» E—NH-—C-—O = aC — NH. + CO, + HO 
Ег 4 Et 4 
H H 
à carbamate an amine 


3. The Hofmann rearrangement takes place with retention of stereochemical configuration in the migrating 
alkyl group. (See the foregoing equation for an example.) 


Е. CURTIUS REARRANGEMENT 


1. When an асу! azide is heated in an inert solvent such as benzene or toluene, it is transformed with loss of 
nitrogen into an isocyanate: this concerted reaction is called the Curtius rearrangement. 


May be 


jor disiibured whi 


| heal Ф 
—— —» 


R—N-—C—O + N, 


an acyl azide an isocyanate 
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2. The overall transformation that occurs as a result of the Curtius rearrangement followed by hydration is the 
removal of the carbonyl carbon of the acyl azide as CO;. 
a. The isocyanate product of the Curtius rearrangement can be transformed into a carbamic acid by 
hydration in either acid or base. 
b. Spontaneous decarboxylation of the carbamic acid gives the aminc, which is protonated under the acidic 
conditions of the reaction. 
c. The free amine is obtained by neutralization. 


Me о Me 
\ // rearrangement \ 
GC з «С N—C-—O 
Ег 4 \ heat Et 4 
H № H 
an асу! azide an isocyanate 
Me О Me 
H О со, OH 
— КМИ —C —OH E бка > CNH, 
Er" 4 Er 4 a 
H H 
a carbamic acid an amine 


3. The Curtius rearrangement takes place with retention of stereochemical configuration in the migrating alkyl 
group. (See the preceding equation.) 
4. The Curtius reaction can be run under mild. neutral conditions. 
a. The isocyanate can be isolated if desired. 
b. Some acyl azides in the pure state can detonate without warning. and extreme caution is required in 
handling them. 
5. An important use of the Curtius rearrangement is for the preparation of carbamic acid derivatives. (See 
summary in Eq. 23.73. text p. 1218.) 
a. Reacuon of isocyanates with alcohols or phenols yields carbamate esters. 
b. Reaction of isocyanates with amines yields ureas. 
6. Acyl azides can be prepared in two ways: 
a. The most straightforward method is the reaction of an acid chloride with sodium azide. 


о Oo 
|| |e 
R—C—Cl + Мам, » R—C—N-NEN + Natl 
an acid chloride an acyl azide 


b. Anester can be converted into an acy! derivative of hydrazine by aminolysis: the resulting amide, an 
acyl hydrazide, is then diazotized with nitrous acid to give the acyl azide. 


o Н.М; о NaNO, [9] 
hydra; = 
в—С—ок Ше „б кимна ^ ug ^ RON 
an ester an асу! hydrazide чп acyl azide 


С. AROMATIC SUBSTITUTION REACTIONS OF ANILINE DERIVATIVES 


1. Aromatic amines can undergo electrophilic aromatic substitution reactions on the aromatic ring. 


Br 
— / 
A= (А 

)—NH; + 3 В. ——> В 4 МН) + 3 HBr 


Br 


a. The amino group is one of the most powerful ortho, para-directing groups in electrophilic aromatic 
substitution provided that it is not protonated under the reaction conditions. 
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b. A protonated amino group docs not have the unshared electron pair on nitrogen that gives rise through 
resonance to the activating, ortho, para-directing effect of a free amino group. 
c. Ammonium groups are meta-direcling groups. 
2. Aniline can be nitrated regioselectively at the para position if the amino group is first protected from 
protonation by conversion into an acetamide derivative by acetylation. 


(| [9] 
| 
к= ; ^ AC. ` 
NHA 1 нс ‘NH HC NH МН» 
AN, A . ^ A „ч d 
n H3C” Cl =й Su. HNO; E SS “OH e E 
WD. pyndine V. zz H804 20 °С М 2 H,O T 
л. | \ 
protection NO» | removal ofthe | NO» 
of nitrogen protecting group 


Н. SYNTHESIS OF AMINES: SUMMARY 


1. Methods of amine synthesis: 
a. Reduction of amides with LiAIH, (Sec. 21.9B. text p. 1180). 
b. Reduction of nitriles with LiAIH; (Sec. 21.9C, text p. 1182). 
c. Direct alkylation of amines (Sec. 23.7A. text p. 1198). This reaction is of limited utility. but it is useful 
for preparing quaternary ammonium salts. 
d. Reductive amination (Sec. 23.7В, text p. 1199). 
е. Aromatic substitution reactions of anilines (Sec. 23.9, text p. 1204). 
f. Gabriel synthesis of primary amines (Sec. 23.11A, text p. 1211). 
g. Staudinger reaction for synthesis of primary amines (Sec. 23.11A, text p. 1211). 
h. Reduction of nitro compounds (Sec. 23.11B. text p. 1213). 
i. Amination of aryl chlorides or aryl triflates in the presence of a Pd(Q) catalyst (Sec. 23.1 IC, text p. 
1214). 
j- Hofmann and Curtius rearrangements (Sec. 23.11D. text p. 1216). 
2. Methods c, d, c, and i represent methods of preparing amines from other amines. Because amides can be 
prepared from amines, method a can be placed in this category as well. 
3. Methods Б, f, g, h, and j are limited to the preparation of primary amines. 
4. Methods a, b. d, h. and j can be used to obtain amines from other functional groups. 


IV. SYNTHESES OF ORGANIC COMPCUNDS WITH AMINES 


A. ACYLATION OF AMINES 


1. Amines can be converted into amides by acylation with acid chlorides, anhydrides or esters. 


О о н. 


2. The reaction of an amine with an acid chloride or anhydride requires either two equivalents of the amine or 
one equivalent of the amine and an additional equivalent of another base such as a tertiary amine or 
hydroxide ion. 


B. HOFMANN ELIMINATION OF QUATERNARY AMMONIUM HYDROXIDES 


1. Alkenes can be formed from amines by a three-step process: 
a. exhaustive methylation 
b. conversion of the ammonium salt to the hydroxide 
c. Hofmann elimination. 
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+ " 
NH^ ММе; I NMe, HO 
| Ж Du ae 
heat = / 
—c—c— —3 C=C +H,0 
| Е] | | „ме / N 
H H H 


2. The Hofmann elimination involves a quaternary ammonium hydroxide as the starting material; an amine 
acts as the leaving group. 

a. When a quaternary ammonium hydroxide is heated, a 8-elimination reaction takes place to give an 
alkene. which distills from the reaction mixture. 

b. A quaternary ammonium hydroxide is formed by treating a quatemary ammonium salt with silver 
hydroxide (AgOH. formed from water and silver oxide. Ag,O). 

c. The Hofmann elimination is conceptually analogous to the E2 reaction of alkyl halides, in which a 
proton and a halide ion are eliminated; in the Hofmann elimination, a proton and a tertiary amine are 
eliminated. 

Hofmann elimination generally occurs as an anti-elimination. 

e. The conditions of the Hofmann elimination are typically harsh. 


C. DIAZOTIZATION; REACTIONS OF DIAZONIUM IONS 


1. Oxidation of amines generally occurs at the amino nitrogen; an important oxidation reaction af amines is 
called diazotization. 


R—NH» + HNO. + HCl ———» R-N=N CE + 2H,0 
a primary nitrous a diazonium salt 
amine acid 


a. Diazotization is the reaction of a primary amine with nitrous acid (HNO;) to form a diazonium salt. 
b. A diazonium salt is a compound of the form R—*N'zzN: X , in which Х is a typical anion. 
c. Both aliphatic and aromatic primary amines are readily diazotized. 

2. Diazonium ions incorporate one of the best leaving groups, molecular nitrogen. 

3. Aliphatic diazonium ions react immediately as they are formed by Syl. El, and/or Sy2 mechanisms to give 
substitution and elimination products along with nitrogen gas. (The rapid liberation of nitrogen gas on 
treatment with nitrous acid is a qualitative test for primary alkylamines.) 

4. Aromatic diazonium salts may be isolated and used in a variety of reactions: however. they are usually 
prepared in solution at 0—5 °С and used without isolation, because they lose nitrogen on heating and they 
are explosive in the dry state. 


D. AROMATIC SUBSTITUTION WITH DIAZONIUM IONS 


1. Aryldiazonium ions react with aromatic compounds containing strongly activating substituent groups, such 
as amines and phenols, to give substituted azobenzenes. 


KO x4 Y fON J N 
Қ 4—N, + ( Jj 9H > N—N— 4 н an azobenzene 
M ЖОШ, Ng N =— 


2. This is an electrophilic aromatic substitution reaction in which the terminal nitrogen of the diazonium ion is 
the electrophile. (See Eqs. 23.48a-b. text p. 1209, for a detailed mechanism.) 

3. The azobenzene derivatives formed in these reactions have extensive conjugated 7-electron systems, and 
most of them are colored. 

4. Some of these compounds are used as dyes and indicators; as a class they are known as azo dyes. (An azo 
dye is a colored derivative of azobenzene.) 


E. SUBSTITUTION REACTIONS OF ARYLDIAZONIUM SALTS 


1. Among the most important reactions of aryldiazonium salts are substitution reactions with cuprous halides; 
in these reactions the diazonium group is replaced by a halogen. 
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NaNO; 
———— 
HBr 
HC NH, 
CuBr 
H.C Br 
нс Ñ; B^ мм њо, H,0* 
heat 
нс CN H.C COH 


a. An analogous rcaction occurs with CuCN. 
i. This reaction is another way of forming a carbon-carbon bond. in this case to an aromatic ring. 
ii. The resulting nitrile can be converted by hydrolysis into a carboxylic acid. 
b. The reaction of an aryldiazonium ion with a cuprous salt is called the Sandmeyer reaction. 
c. This reaction is an important method for the synthesis of aryl halides and nitriles. 
2. Агу! iodides can also be made by the reaction of diazonium salts with potassium iodide; a cuprous salt is 
not required. 


2. COH „^ч. COH 
aD fi DNaNOyHC] — (7^ f 
< q RK J | Ju. 

у bu NH 2) KI RA NI 


3, Diazonium salts can be hydrolyzed to phenols by heating them with water or by treating them with cuprous 
oxide (СиО) and an excess of aqueous cupric nitrate [Cu(NO3);] at room temperature. 


22“ M 

[^ 1) NaNOy/HCI [^ 

| Millar Lac m | 

pP cu n 2) H50, heat dar ON 
ON cw NH, Y ON ^ OH 
2 2 or 2 
СиО. H4O, 
excess Cu(NO 3) 


4. The diazonium group is replaced by hydrogen when the diazonium salt is treated with hypophosphorous 
acid. Н;РО». 


7 R 
1) NaNOs/HCI 
ЧЕР oes ——— e 
X ( 7  2HjPO, 
N 
Br i 


5. All of the diazonium salt reactions listed above are substitution reactions but none are S42 or Syl reactions 
because aromatic rings do not undergo substitution by these mechanisms. 
a. The Sandmeyer and related reactions occur by radical-like mechanisms mediated by the copper. 
b. The reaction of diazonium salts with КІ probably occurs by a similar mechanism. 
c. The reaction of diazonium salts with Н РО; has been shown definitely to be a free-radical chain 

reaction. 

6. The substitution reactions of diazonium salts achieve ring-substitution patterns that cannot be obtained in 

other ways. 
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F. REACTIONS OF SECONDARY ANO TERTIARY AMINES WITH NITROUS ACID 


Secondary amines react with nitrous acid to yield N-nitrosoamines, usually called simply nitrosamines. 
Nitrosamines are known to be potent carcinogens. 


RNH + HNO, ——3 R,.N—N=O a nitrosamine 


The nitrogen of tertiary amines does not react under the strongly acidic conditions used in diazotization 
reactions. 
N.N-Disubstituted aromatic amines undergo clectrophilic aromatic substitution on the benzene ring: the 
electrophile is the nitrosy] cation, which is generated from nitrous acid under acidic conditions. 
ZEN нхо; ЛЕ 
NMe> Еа Q—N ‘ 7 NMe> 
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К SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


23.1 (a) (b) (c) 
OCH, 
d /—NHCHICH3) 
NS 7 А N 
> d (CH 1C — NH; H 
N-isopropvianiline tert-butvlamine 3-methoxvpiperidine 
(d) (e) (f) 
CH; NH; о 
снС——СНнсн.СНн-.СН, CHiCH;CH«CHCOCH;CH,; МСНСН» 
CH, МСНСН)» CH4CH3CHCH4CH4CH3;CH, 
2.2-dimethyl-3-hexanamine ethyl 2-(diethylamino) pentanoate N.N-diethyl-3-heptanamine 
23:2 (a) N-ethyl-N-methylisobutylamine (common), or N-ethyl-N.2-dimethyl- 1-propanamine 
(b) — N,N-dimethyl-p-nitroaniline (common), or 1-dimethylamino-4-nitrobenzene 
(c)  dicyclohexylamine (common). or N-cyclohexylcyclohexanamine 
(d)  3-methylamino-]-pentanol. Note that the —OH group is the principal group. 
(e)  I-Q-chloroethyl)-3-propylpyrrolidine 
23.3 (a) The principle to apply is that the more double-bond character the carbon-nitrogen bond has, the shorter it 
is. The order of decreasing double-bond character. and hence increasing carbon-nitrogen bond length. is 
p-nitroaniline « aniline « cyclohexylamine 
Because of resonance interaction of their nitrogen lone pairs with the benzene ring. aniline and 
p-nitroaniline have the most double-bond character; cyclohexylamine lacks this interaction and therefore 
has the least carbon-nitrogen double-bond character. In p-nitroaniline. the unshared electron pair on the 
amine nitrogen can be delocalized into the p-nitro group: 
f N 
Ln : р 
ov " y" z \ f Y S 4 * / \ + 
N— _)©NH «4—5 N= )— МН, 
| о b о ==; 
This interaction is in addition to the resonance interaction of the unshared pair with the ring of the type 
shown in Eq. 23.3 on p. 1187 of the text. This additional delocalization increases the carbon-nilrogen 
double-bond character and decreases the carbon-nitrogen bond length. 
(b) Apply the principle used in part (a). The order of increasing carbon-nitrogen bond length is 


A«C«B 


Compound B has a true carbon-nitrogen single bond, and hence has the longest carbon-nitrogen bond. 
Compound A has a true carbon-nitrogen double bond. and hence has the shortest carbon-nitrogen bond. 
The carbon-nitrogen bond of С has some double-bond character because of resonance interaction of the 
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nitrogen unshared pair with the double bond. (Draw the appropriate resonance structure.) Another way 
to compare the C—N bond lengths of compounds B and C is to note that the C—N bond in B is an sp'- 
sp single bond, whereas the C—N bond in C is an sp-sp? single bond. and to remember that с bonds 
with greater s character are shorter. (See discussion in Secs. 4.B and 15.1A of the text) 


The five-proton resonance at ó 7.18 in the NMR spectrum indicates the presence of a monosubstituted benzene 
ring (which accounts for 77 mass units), and the mutually split triplet-quartet pattern at 6 1.07 and 6 2.60 
indicates an ethyl group (which accounts for 29 mass units). The IR spectrum indicates the presence of an 
amine; if it is a secondary amine. as suggested by the integral of the 6 0.91 resonance in the NMR spectrum, the 
NH accounts for 15 mass units, leaving 14 mass units unaccounted for. A CH»; group could account for this 
remaining mass, and the two-proton singlet at 6 3.70 could correspond to such a resonance. On the assumption 
that the N—H proton is undergoing rapid exchange and does not show splitting with neighboring protons. 
N-ethylbenzylaminc fits the data. 


СИ» NH — CHCH; — Neethylbenzylamine 


The predicted chemical shift (Fig. 13.4. text p. 621) for the benzylic CH; group is greater than that of ordinary 
benzylic protons because these protons are a to a nitrogen: the chemical shift should also be greater than 
protons that are only a to a nitrogen. The chemical shift of à 3.6 is quite reasonable. The m/z = 120 peak in the 
mass spectrum corresponds to loss of a methyl radical by a-cleavage: and the m/z 2 91 peak corresponds to a 
benzyl cation. which is formed by inductive cleavage. (See Sec. 12.6D of the text for a discussion of these 
cleavage mechanisms.) 


The NMR spectrum indicates the presence of only two phenyl hydrogens, and the singlet absorptions at 6 2.07 
and 5 2.16 indicate the presence of chemically nonequivalent methyl groups in the ratio 2:1. Only compound 
(2). 2.4.6-trimethylaniline, fits the data. The two resonances at ё 2.07 and 6 2.16 correspond to the ortho and 
para methyl groups. respectively, and the 6 3.19 resonance to the — NII; protons of the amine. 


(a) — 2.2-Dimethyl- I -propanamine (neopentylamine, (CH ))|CCH;NH;) has a maximum of three resonances in 
its CMR spectrum. 2-Methyl-2-butanamine. CH,\CH2C(CH,)2NH), should have four resonances in its 
CMR spectrum. 

(b)  7rans-l,4-cyclohexanediamine has only two nonequivalent sets of carbons and thus should have only 
two resonances in its CMR spectrum. 7rans-1,2-cyclohexanediamine has three nonequivalent sets of 
carbons and therefore should have three resonances in its CMR spectrum. [Chemically equivalent (and in 
these cases, homotopic) carbons in each compound are indicated by the same symbol.] 


NH3 NH, 
: „МН, 
te * Ne t " т 
| 
et % + 
$ 
NH, 


trans-1.2-cyclohexanediamine 


trans-1.4-cyclohexanediamine three nonequivalent sets of carbons 
two nonequivalent sets of carbons 


(a) Тһе order of increasing basicity (and increasing conjugate-acid pX,) is NH; (ammonia) < PrNH; 
(propylamine) < Pr: NH. (dipropylamine). As the text discussion in Sec. 23.5B. text рр. 1190-4, shows. 
within a series of amines of increasing alkyl substitution, basicity increases from ammonia to the 
secondary amine. 

(b) Тһе order of increasing basicity is 
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(c) 


(d) 


H,NCH3CH2NHy < HjNCH3CH3CO;Me < CH4CHCH3CH; 


methyl хн. 
3-aminopropanoate " 
sec -butylamine 

(Note that basicity refers to the basicity of the uncharged amino group in the first compound. not the 
basicity of the conjugate base of the ammonium ion.) The electron-withdrawing polar effect of the 
partial positive charge on the carbonyl carbon of the ester reduces the basicity of its -amino group. and 
the polar effect of the full positive charge in the ammonium ion reduces the basicity of its B-amino group 
even more. The polar effect of a substituent containing a fully charged atom is generally greater than the 
polar effect of a substituent containing a dipolar group. 
The order of increasing basicity is 


y / ER : y N З 
МеО»С SN p NH> · \ jf — NH; < «X jp) NH3 
V 7 \ `_/ 
y 
methyl p-aminobenzoate MeOsC aniline 


methyl m-aminobenzoate 


The methoxycarbonyl group (that is, the methyl ester group) decreases basicity in the first two 
derivatives by a polar effect. Furthermore, methyl p-aminobenzoate is stabilized by resonance 
interaction of the nitrogen unshared pair with the carbonyl group: 


х) A = 
О / \ gU о r \ 
\ / \ d ea \ / \ + 
с », “Nb Ж > c= == NH. | 
/ ^ NN " - / - 
CH,0 7 CH;O = | 


Because there 1s no unshared pair on nitrogen in the conjugate-acid ammonium ton, such resonance 
stabilization of the conjugate acid is not possible. As Fig. 23.2 on text p. 1191 shows. anything that 
stabilizes an amine relative to its conjugate-acid ammonium ion lowers its basicity. Note that resonance 
interaction between the carbonyl group and a meta-amino group is not possible. 

The order of increasing basicity is 


f \ / / \ f \ 
/ N е ‘ / X / N ; / X Р 
N jp — NH» ON {у //-—HaNH) < (ү ү), CH3NH; < ( )— МН, 
\ / N / N / \ | 2 / 
aniline p nitrobenzylamine benzylamine cyclohexylamine 


The resonance and electron-withdrawing polar effect of the benzene ring severely reduces the nitrogen 
basicity of aniline relative to that of an alkylamine. The electron-withdrawing polar effect of the nitro 
group of p-nitrobenzylamine reduces its basicity relative to that of benzylamine. Finally, the electron- 
withdrawing polar effect of the benzene rings reduces the basicity of both benzylamines relative to 
cyclohexylamine. an ordinary alkylamine. 


Dissolve the mixture in a low-boiling, water-insoluble organic solvent such as methylene chloride. Extract this 
solution with 5% sodium bicarbonate or 5% sodium hydroxide solution; p-chlorobenzoic acid will dissolve in 
the aqueous layer as its sodium salt. It can be recovered as the free acid by acidifying the aqueous extracts. 


The methylene chloride solution now contains only p-chloroaniline and p-chlorotoluene. Extract the 


methylene chloride solution with 5% НСІ solution. p-Chloroaniline will dissolve in the aqueous layer as its 
hydrochloride salt. [t can be recovered as the free amine by neutralizing the aqueous layer with dilute NaOH. 


p-Chlorotoluene remains in the methylene chloride layer: it can be isolated by drying the solution and 


evaporating the methylene chloride. (Note that the order of the acid and base extractions could be 
interchanged.) 
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23.10 Міх the racemic acid with one equivalent of the enantiomerically pure amine. (The S enantiomer of the amine 
is utilized in the equation below, but either pure enantiomer of the amine could be used.) The carboxylic acids 
will react with the amine to give a mixture of diastereomeric salts. 


(S)PRCHCOMI + (RYPHCHCOSH + 2 G)PhCHNII; > 
CH, CH; CH, 


(S)-1-phenvlethanamine 


(+)-2-phenvlpropanoic acid 


(S)-PhCHCO; (S)PRCHNH + (R)-PhCHCO} (S)-PhCHNH: 
| | 


CH, CH, CH; CH; 


diastereomeric salts 
Because these salts have different properties. they can be separated by differential solubility, for example. by 
fractional crystallization from some solvent, probably an alcohol. After separating the salts. aqueous acid is 
added to each. The amine resolving agent dissolves in the aqueous acid solution (from which it can be 
recovered), leaving the enantiomerically pure free carboxylic acid as a solid that can be isolated by filtration and 
recrystallized. 


$ H»O d d 
(S)PhCHCOs (S)MPhCHNH,; + HCl. ———3» (S)PhCHCO4H. + (5)-РАСИХН Cl 
CH; CH; CH; CH; 
у crystallizes an ionic compound; 
remains in solution 


salt 


Notice that not only is amine basicity important in forming the initial salt. but also it is important in separating 
the amine resolving agent from the resolved carboxylic acid. 


23.11 (a) 
(CHCH; N F^ 


tetracthylammonium fluoride 


(b) 
(PRCH,) N(CH), Br 


dibenzyidimethylammonium bromide 


23.12 Compound A has an asymmetric nitrogen stereocenter; therefore. it is chiral and can exist as two enantiomers. 
Compound В also contains an asymmetric nitrogen; however, compound В undergoes a Bronsted acid-base 
equilibnum by which it is in equilibrium with a very small amount of the free amine: 

CH, Д GH; 
Ms P. i - » d 
МАСНУН СГ СУ PhRCHN: + H—CI 
С.Н С.Н; 


compound В 


This equilibrium takes place so rapidly, and the minuscule amount of free amine undergoes nitrogen inversion 
so quickly. that the ammonium salt is rapidly racemized. Because compound A does not have a hydrogen that 
can be involved in an equilibrium of this type. it is not racemized. 


233.13 (a) As detailed in Sec. 11.5А. nucleophiles can react with epoxides to form alcohols. Water serves to both 


deprotonate the protonated nitrogen after the initial reaction, and as an acid to protonate the resulting 
alkoxide oxygen. 
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Гав; 

И \ но ‚ AN 
(CH3);CNH, + НС —– CH; ———» (CHC лас H— OH 
н 


OH; 


(CH33CNH — CH;CH; — OH + НО 


Since the resulting product is also nucleophilic at nitrogen, a second addition can occur. 


Vo 
N A A 
HC — CH; CH.CH,—O7-= H—OH 


* 
(CH;)CNH—CH,CH;—OH #0 (CH CN — сн,сн, — OH з 
| 


Н) 


OH; 
(CH34CN(CH;CH;0H); + H;O 


(b As shown by Eqs. 22.101 and 22.102 on p. 1157 of the text, ammonia can act as a nucleophile in 
conjugate addition reactions. 
А 


A «ш 
МН; + H;C—CH —CN —Óde ні CH:CHCN —»  H;N—CH;CH;CN + NH; 


H«C) 


NH; 


Since the resulting product is also nucleophilic at nitrogen. a second addition can occur, leading to the 
dialkylated product formed in 57% yield as shown in Eq. 23.18. Write the mechanism, using the one 
shown above as a guide. 


(c) A third alkylation doesn't occur in high yields most likely due to sterics, ог the concentrations of the 
reagents. Increasing the concentration of acrylonitrile (2-propenenitrile) relative to ammonia would 
favor the formation of the trisubstituted compound. 


23.14 The reaction of a primary amine and a ketone yields an imine. by the standard mechanism. This mechanism is 
shown in Study Guide Links 19.5 and 19.6, on pp. 608-610 of this manual. 


23.15 Under the acidic conditions shown in Eqs. 23.23 (acetic acid) and 23.24 (НСІ), the initial product would be 
pronated on the basic amine nitrogen. In order to isolate the neutral amine, base is added to remove the acidic 
proton. 


23.16 The products of Eqs. 23.26 and 23.27 are both tertiary amines. Tertiary amines form unstable products with 
ketones and aldehydes. that quickly break back down into starting materials (see text p. 988). 
:0: В D 
| 1 | 
RN:* CL. а I 
R,N* 


Since no imine or enaime can form, there is no 77-bond to reduce. Thus. quaternization cannot occur. 
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23.17 Either the ethyl group can originate fram acetaldehyde, or the cyclohexyl group can originate from 
cyclohexanone. 


T — euen, NaBH3CN OH ey 
NH, + O=CHCH; — —— —" NHCH,CH, 
3 


“OH 


\ * Af 
NaBH3CN 
—0 + HNCH,CH; iae 
NOCT GO 


23.18 The ethyl group could originate from acetaldehyde: 


) е f 
i" + O—CHCH; — — NCH;CH; 


сн, 


N-ethylcyclohexanamine 


N-ethyl- N-methvlaniline 


23.19 (a) Prepare the tertiary amine by reductive amination and alkylate it to give the ammonium salt. 


о CH; 


843 


| ; NaBH4CN CH;Br n Noe" 
CH + (CH3))NH ———— CH5NCH; ——— CH35NCH; Br 
н ume MeOH | | 


dimethylamine CH; CH; 


benzaldehyde 


An alternative synthesis would be to reductively aminate the same amine with formaldehyde to give 


trimethylamine and then alkylate this tertiary amine with benzyl bromide (PhCH;Br). 
(h) Exhaustively methylate henzylamine with а large excess af methyl hramide 


CH; 
сив _ / * «| 

T CH NH; — —— T4 N CH3NCH, Br 
(large N / z^ fü 
excess) t CH; 


benzylamine 


23.20 (a) Caleb has forgotten, if he ever knew, that aryl halides such as bromobenzenc do not undergo S42 
reactions (Sec. 18.1). 
(b) A Pd(0) catalyst of the type PdL.. This reaction is discussed in Sec. 23.1 1C, where L is: 


Р(Су) P(K-Bu); 


23.21 Тһе dimethylammonium ion can lose a proton to give dimethylamine, which can then be alkylated by methyl 


iodide. 

5 H H H 

А B | А | | 

iic ; . 

CHINH НЕ NCH 1 1 CNH; МСН) | CHI » а Hits 1 
A ee "et 
\ j CH; 
uimethylammonium 
indide 
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23.22 (а) 
-— 1 28 = d 
| /  N pyridine | / N 
—C —Cl + HN — = C —NH 
« ? a ve \ и T 
benzoyl! chloride aniline N-phenylbenzamide 
(b) 
o CH;Ph О CH3Ph 


idi | | 
CH,CH,CC] + — HNCH;CH, - 9" ы CH,CHSC —NCH;CH; 


propariovl chloride — benzyletliylamine N-benzyl-N-ethylpropanamide 


23.23 (a) Draw the molecule in a conformation in which the trimethylammonium group is anti to the B-hydrogen, 
and examine the relative positions of the phenyl groups. In this part, the alkene product must have the 7 
configuration. 


* 
E Ph H 
(2R,3R)-Ph—CH—CH—Ph = T *NCH) —»- / + N(CH} + ЊО 
| A. Ph 

CH; Ph CH; CH; 
note that phenyl phenyl groups are cis; 
groups are gauche therefore, alkene has Z 

configuration 


(b) Draw the molecule in a conformation in which the trimethylammonium group is anti to the B-hydrogen. 
and examine the relative positions of the phenyl groups. In this part. the alkene product must have the E 
configuration. 


* z + OH 
р OH (CH34N CH; a fh 
Ph—CH—CH—Ph c» too e» с=с + NCH) + HO 
| Ph / Y 7 \ 
CH; H H H Ph 
(2ҝ.35) Note that phenyl groups are cis; 
pheny groups С> therefore, alkene has 
arc anti E configuration 


23.24 (a) The product of the exhaustive methylation followed by heating with silver oxide is 3-methylcyclohexene, 
not | -methylcyclohexene. Since the amino and methyl groups are in a trans orientation on the 
cyclohexane ring and Hofmann elimination generally occurs as an anti-elimination, the only hydrogen in 
an anti relationship to the amine group is the hydrogen on C6 of the ring. 


leaving 
group 
* 
NH; N(CH3); 
aa "EU н 0 
в a: —— 
H H heat 
CH; CH; 
CH, al CH, 
hydrogen anti hydrogen not anti 
to lcaving group to lcaving group 
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(b) Тһе hydrogen a to the carbonyl group is removed because it is considerably more acidic than the other 


B-hydrogens. 


Эм. Ph 


E P Vo 


CH, 
23.25  Coniine has one degree of unsaturation. Because the exhaustive methylation-Hofmann elimination sequence 
introduces a double bond, and because cach of the products A-C contains only one double bond, it follows that 
coniine is acyclic amine. Product C shows one point of attachment of the nitrogen in coniine, and shows that 
the coniine ring has a propyl side chain. Products A and В show the other point of attachment of the nitrogen: 
the alkene carbon that is common to both structures. Because five carbons intervene between points of 
attachment of the nitrogen, coniine must be a piperidine derivative (see text p. 1185): 


“у 
2-propylpiperidine 


І (сопііпе) 
N^ "CHjCH4CH; 
H | 


Exhaustive methylation, Ag-O treatment. and Hofmann elimination give three alkenes that result from the three 
possible points of B-elimination: 


elimination of this 
ra B-hydrogen gives B 
TEC : ü 
elimination of this ————H Ww. SS 


: ` elimination of this 
Pune L Pá B-hydrogen gives A 
+ 
N "HsCH4CH 4 
4 \ - m 
нс CH, 


oH 


product resulting from exhaustive methylation 
and Ag;O treatment of coniine 


In many problems, the text uses Ag.O [silver(l) oxide] for the conversion of quaternary 
ammonium halides into quaternary ammonium hydroxides. Attempts to balance these reactions 


will show that a hydrogen is unaccounted for. The resolution of this problem is that silver(]) 
oxide is typically used in a Aydrated farm; hydrated Ag,O is equivalent to AgOH. Consequently, 


you should assume in all problems involving Hofmann elimination that Ag.O is operationally the 
same thing as AgOH. 
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nn $e —» —» на j 


= repeat two more YY 
gi times at the positions :Br 
ortho to the amine group ci 


23.277 Use an acetyl protecting group as outlined in Study Problem 23.4, text p. 1205. 
о 
— [| о у== 
/ \ CHCC! | / \ озн | NH; (excess) 
HN—A — ) — ding CHOMH 4 0) ——» cH ын у ERE 
N H I N 4 
Р mmm 
chloride 
о = o 
al. =” ELT DL M Ж" 
і B -— ^ > 3 
3 “А 2 уа on ps | 
Oo 
sulfanilamide 
If the acetyl protecting group were not used. the amine group on one molecule would react with a 
chlorosulfonyl group on the other and a polymer would be formed. 
23.28 (a) 


Begin with p-nitroacetanilide, prepared as shown in Study Prohlem 23.4. text pp. 1205. Then convert it 
into 2.4-dinitroaniline. The acetyl protecting group is used to avoid protonation of the nitrogen, which 
would result in a significant amount of unwanted meta substitution. (See Eq. 23.37 on text p. 1208.) 


о 
NHCCH, NH 
L 
adi | HNO, 1) H30*, heat 2d ] 
N Н;50 2) dil. “OH - 
NO, NO, 


p-nitroacetanilide 2.4-dinitroaniline 
Begin with p-acetamidobenzenesulfonyl chloride, prepared as shown in the solution to Problem 23.27. p 
844 of this manual. 


(b) 


о HN A ] 
| x 
сн,с a ) ў СІ —— —— ——» 
Oo 
p-acetamidobenzenesulfonyl 
chloride 
о s 
1) HO". heat || | J 
cH,c— NH pfu Jas — J> HN S —NH N | 
2) dil. OH || ее. 
О N 
sulfathiazole 
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23.29 (а) 
NH» Br Br 
2 „СНз 1) NaNOj/HBr CH; 1) KMnO4, СОН, heat COH 
2) CuBr 2) H30 
| 2y > 
Nu 
o-toluidine 2-bromobenzoic acid 
(b) 
Г" NH> C=N CO>H 
| 
Вг. , Вг 1) NaNO4/HCI Br Br Br ; Br 
2 “у зв, “ЗҮ усы а H,O', H20 dir 
jm. CY 2 CY AS ү 
ec Nu a S 
aniline Br Br B 


2,4,6-tribromobenzoic 
acid 
23.30 (a) Because diazotization does not break the carbon-nitrogen bond, the diazonium ion intermediate, like the 
starting amine. has the R configuration. Hence. inversion of stereochemical configuration occurs in the 
reaction with water. 


| 
| 


ao 


H-O т А 
н И “мәм "guo XH doc 
CH4CH3CH) CH2CH2CH3 
R $ 
(b) Because inversion of stereochemical configuration is observed, an Sy2 reaction in which water is the 
nucleophile and №; is the leaving group is likely to be involved. An Syl mechanism involving а 
carhocation intermediate would he expected to result in same racemization. (Why?) 


23.31 (а) 
о 
| 
“ч 
(b) 
о [on [9] [6] 
N 12 => i2; > | + ОН ==> N. + H0 
Мем! + а} N <= Р < К 2 
: “он Ме” "OH MeN L ме < 
) i 


23.32  p-Aminobenzenesulfonic acid is prepared and diazotized to give the diazonium ion A. This synthesis begins 
with p-acetamidobenzenesulfonyl chloride, prepared as shown in the solution to Problem 23.27 on p. 844 of this 
manual. Formaldehyde is reductively aminated with aniline to give N,N-dimethylaniline, В. Compounds A and 
B are coupled to give methyl orange. 
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о 
|| 


H30*, H30, heat + NaNO»/HySO4 
CH3CNH SOC — ——— — > HN SO4H ————:—" > 


p-acetamidobenzenesulfonyl 
chloride х= N 25 | ON — S0.4H 
(see solution to Problem 23.221 е 3 


А 
H3N ху ңес=о (CH3) X ) | 
oN ——— —39» (CH3)N — 
А NaCNBH 92 
V / 2 [= 


B 


cays) N=N a=: Na* 


methyl orange 


23.33 The following compounds would react to give FD & С Yellow No. 6: 


Ха? 708 


"M —S0; Na' —» 4 N— { Мо; Na* 
3—3 Ма 
= 


OH FD & C yellow #6 
The position next to the ring junction (called the a-position) in a naphthalene ring is more 
i> reactive in electrophilic substitution than the ring position one carbon removed. Hence, of the 
two positions "ortho" to the phenolic —OH group. the a-position is the more reactive and gives 
the observed product. 


23.34 (a) Protonation of the —OH oxygen and loss of water give the nitrosyl cation. (The chloride counter-ion is 
not shown.) 


+ 
Н.О His, H 
HO--N—O — —» id м0 ——» ПО + N=0 
nitrosyl cation 
(b) Тһе loss of H-O from protonated nitrous acid provides the nitrosyl cation, as shown in the solution to 
part (a) of this problem. This cation then serves as the electrophile in an electrophilic aromatic 
substitution reaction: 


— Rx a 


= —— 59 
ar Hes N OH; 
Q—N МСН) i МСН) ——— 
\ / O=N Р = 4 
nitrosyl + 
cation resonance-stabilized 


carbocation intermediate 
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H 


* 
(эн он; | 
O=N A 2 N(CH 3)» » O—N A 2- N(CH3)> + ОН» 
+ 


(a) In both the Gabriel synthesis and Staudinger reaction. only primary or unbranched secondary alkyl 
halides or sulfonates will react since each process involves an 542 mechanism. 
(b) А possible alkyl halide starting material for this amine is 1-bromo-3-methylpentanc. 


CH; 0 P Hs 
He A + e —> y о ғ 
1-bromo-3-methylpentane 
| AN TU E mou 
CX + Br HN и. HN en 


i — OH 3-methyl-1-pentanamine 


(c) 


CH; 
"M E _NaNs TW ae N3 РАР. HC w^ pom N —N=N—PPh; 


1-bromo-3-methylpentane 
CH; CH; 


-— His Ч N—PPh, — 0. He AA NH 


J-meths-1-pentanamine 
(d) Тһе alkyl halide or sulfonate required to produce 2.2-dimethyl- 1 -propanamine is sterically hindered at 
the carbon on which the reaction would occur. N-Butylaniline is not a primary amine; only primary 
amines can be prepared by these methods. Therefore, 3-methyl-1-pentanamine is the only amine of the 
three that can be prepared by either method. 


2 


(a) 


HNO, 1) KaCO >, Pd 
HNO ) KaCO; D D. GEN “Hy Ha, Pd/C » 
ОН Teg 1881 2) CHyl é 
teat p. 869) 


phenal 
1) NaNO4/H4S80, pa 
í 2s JEI Me - un 
Н.М - \ —ÜOCH; = 1 — yy — OCH 
/ \ / 


p-iodoanisole 


Note that formation of the ether is carried out before reduction of the nitro group because, otherwise, the 
amino group could also be alkylated with methyl iodide. 
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(b) 
NO; NO} NH2 I 
| 
1) NaNO./HC1 
= Вг». FeBr; Sn, НСІ = | эк: C 
2 3 » | i 
| (Eq. 23.56, ee, » 
EN Br text p. 1147) Br B 
nitrobenzene m-bromoiodobenzene 
23.37 (a) 
Pd(0) catalyst 
2 | _ н. N^ CH;CH; к-сы a 
< " | toluene е, |. A CHCH; 
Ci CH,CHCH,CH, | 
chlorobenzene N4sec-butyl)- CH;CHCH;CH; 
N-ethylamine 


N-(sec-butyl)- N-ethylaniline 
(b) (TfOTf = triflic anhydride; see Sec. 18.10B in the text for the structure.) 


n 70% Н н 
(СН;)зС 


ITE POI шүн ү 
toluene 
(CH) S (CH,),C 


(c) 


9 ci с 
= = CX EY — 
Ph—C—Ci + 
CH;Cl; C toluene 


23.38 (а)  Tert-butylamine cannot be prepared by the Gabriel synthesis because it would require that the nitrogen of 
phthalimide be alkylated with terr-butyl bromide in ап $52 reaction. Tertiary alkyl halides generally do 
not undergo Sy2 reactions but, under basic conditions, undergo E2 reactions instead. 

(b) Тһе Hofmann or Curtius rearrangement would be an ideal way to prepare tert-butylamine. (The 
Hofmann rearrangement is illustrated below.) 
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о 
Bis, NaOH 
«СНС С — NH, — p (CH );С— NH, 
2,2-dimethylpropanamide tert-butvlamine 
(pivalamide) 


23.39 (a)  Thecurved-arrow mechanism for the conversion of ethyl isocyanate into ethyl N-ethylcarbamate: 


* í | 
a — HA Fr—N-C*0 4—3 Er —N СО | — Ft—NH —С 0 


M ( | 
ethyl isocyanate N Н —OEr эн- Ою |j ОЕ! 
J X3 ethyl N-ethvicarbamate 
> 
НО —Е! 


Note that the proton-transfer step, shown in the foregoing reaction for brevity as an 
intramolecular process, probably is intermolecular. Intramolecular proton transfers are 
possible. but they tend to take place fastest through 6. 7. and 8-membered rings. Never- 
theless. we can abbreviate the more complex intermolecular processes as intramolecular 
processes, and we'll sometimes follow this practice for convenience. 


(b)  Thecurved-arrow mechanism for the reaction of ethylamine with ethyl isocyanate to give N.N*- 


diethylurea: 
4 | a \ 
Et —N—C—O >» EC—N—C-—O < » EI—N—C-0O |- —» Et NH— С== О 
4 | | (ж! 
L H—NE сан — NE! HNE! 
о - + 
нк T |! N.N-diethylurea 


23.40 (a)  Inethanol solvent, ethanol (or its conjugate base ethoxide) is the most abundant nucleophile present, and 
thus an ethyl carbamate is obtained as the product. 


О о 
Вг», NaOEt 
«цио C— NH> а > СН mid NH - € — ОЕ 
CH; CH; 
2-methylpropanamide ethyl N-isopropylcarbamate 


23.4]  Pentyl isocyanate is an intermediate in the reaction. Because it is largely insoluble in water. it forms a separate 
phase. A small amount of pentyl isocyanate reacts with the aqueous NaOH to form pentylamine, which is then 
extracted into the isocyanate, with which it reacts to give the urea. 


О 
Bra, NaOH H-0, NaOH 
CHj(CH4CNH^ = T » CH(CH4j4N—C—O — —» CH4 CH>)NHa + COs 
hexanamide - J A 
[6] 


CH3(CH2),NHCNH(CCH2)4CH; 
N.N -dipentylurea 
B 
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23.42 (a) 
о о 
|| SOCI, I| HNMes (excess) 
—CH;COH ——» —cHjcc] ———————» 
1 1) LIAIH4 
| 
С» CH4CNMe; эн +L» CH CH NMe> 
M— 
2-cvclopentyl- №, N-dimethylethanamine 
(b) 
@ cu,cw Br rs CH,CH,NH, CO 5 [T CHCH NM 
ә { - "HSCH5NHs - | "He 4N? ^ 
A i ты „ш 
(с) 


[9] 
|| SOCI^ heat 
CH,C H,COH ———— & CH,C Hat CI Koc. S CH3C HCN; 
es 
f £ H30, H30* = 
CH3CHó4N =C =0 ——————» CH35CH35NH; c de CH35CH5NMe^ 
EE: NaCNBH; Sur 3 


(d) Onc synthesis involves a reductive amination of the aldehyde: 


|. NaCNBH 
CH,CH —— —- "H3CHsNMes 
MeOH 


A second synthesis involves oxidation of the aldehyde to the carboxylic acid starting material of part (a) 
with aqueous H»CrO,. KMnO,, or other common oxidant, and then proceeding as in part (a). 


23.43 (a) In morphine, the nitrogen of the tertiary amine is the most basic atom. Therefore the conjugate acid of 
morphine has the following structure: 


conjugate acid 
of morphine 


(b) The most basic atom in mescaline is the amine nitrogen. Thus. the conjugate acid of mescaline has the 
following structure: 
CH30 CH CH NH; 
г нйн 


| conjugate acid 
of mescaline 


Mo pan of rhis uim may be apicaced or з гед ahaa oen issic э of e put ven. Гуо fir 4 ac emot ii 1s 49. please vest апта //оеоо-е pha тасу purdue edu/-ioudonate ad 


SOLUTIONS TO PROBLEMS » CHAPTER 23 853 


Solutions to Additional Problems 


233.44 The structure of p-chloroaniline is 


NH, 
p-chloroaniline 
CI 
(a) (b) (c) (d) (e) 
O 
+ = + L 77 
NH; Br^ NH *MgBr NzNCH NHS =, > Cis OH 
| [ we ^ 
eS EN 2а? 249 А. 
J + CH;CH; ) j [ J 
м. 974 T м. 974 9 
| | [ | 
СІ CI СІ CI CI 
(f) (g) (h) (i) 
о 
- | AN 
Br CN Na’ N-S—{  )-CH; 
^ AN A PI 
| i. 
Y к ү EJ 
СІ CI CI СІ 


Sulfonamides are acidic enough to be ionized by NaOH. How would you know this? An 
amide has a pK, of about 16. We know that sulfonic acids are stronger than carboxylic acids 
by about 6 pK, units: assuming the same difference hold for sulfonamides versus 
carboxamides, then a sulfonamide should have an N—H pK, of about 16-6 = 10. This is 
about as acidic as a phenol. and acidic enough to be fully ionized by NaOH (which has a 


conjugate-acid pK, = 15.7). Furthermore, the conjugate-base anion of this particular 
sulfonamide is resonance-stabilized by the phenyl group. We know that phenols are more 
acidic than alcohols by about 5 pK, units: if the phenyl group affects the acidity of the 
sulfonamide in the same way. the pK, of this compound could be as low as 5. 


23.48 Тһе structure of N-methylaniline is 
NHCH; 


P m 


\ 


N-methylaniline 
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854 
(a) (b) (с) (d) 
pe й CH>Ph о 
E | * - 
B H4C —N—C 2—0 \ H,C—N—CH;Ph НС МН, оў -( \Уу-сн, 
| 
а SN 
(e) (g) (h) 
H,C -N—N=0 сну, OH HC —N—CH;CH; CA С) 
CH; 
23.46 Тһе structure of isopropylamine is (CH3);:CH—NH: 
(a) (b) (c) (d) 
(CH;)2CHNH, OSO;H no reaction (CH;)sCHNH Li* Г 
+ CH,CH;CH3CH; SEP hla 
+Ú Nc 
(e) (б (р) (h) 
(CH 4) -СНВг (СН )4CHNHCH(CH з) (CHy)CHNGCH j); Г . Hi 
+ (CHi;CHOH (CH)&CHNH, — OCPh 
+ H3C-—CHCH; 
(i) uU (k) (1) 
(CH )j4CHN(CH 3); HaC CH; HC =CHCH; (CH ):CHNHCH;CH, 
+ N(CH 
X NT CH(CH3)p idis 


| 
H 
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23.47 (а) (b) (c) 
NH, NH; NHCH(CH3); NHCH;CH;CH; 
| | т / X. CH,CHCH.CH, С sad С 
2-cyclobutenamine "CH; NH3 
2-methyl-2-cyclo- sec-butylamine Ni Лапін y Лап 
ргорепатіпе ааа -isopropylaniline N-propylaniline 


(d) The required compound could be either of the iwo imines (CH ,));C—NCH or (CH ):CHN—CH; 


23.48 (a) 
о СНұСН-СН»СН-СН»СН-СН.СН,ХН› CH ,CH»CH2CH2CH:CH»N(CH3)> 
CH ,CH»CH»CH»CH»CNCH, l-octanamine N.N-dimethyl- I-hexanamine 
N-methylhexanamide 
N-Methylhexanamide is an amide. and it is therefore not significantly soluble in dilute HCI; the two 
amines are soluble as their conjugate-acid ammonium salts in dilute НСІ solution. 1-Octanamine., like all 
primary alkylamines, gives off a gas (№) when diazotized with NaNO, in aqueous acid. N.N-Dimethyl- 
| -hexanamine does not give off a gas when treated with nitrous acid. 
(b) 
/ E N / N \ - е f 5 N ( ZEN 
—— ›— NH^ |—— CH5NH —<{/ ] e N 1 
HAC oy NH a. 2NH3 н; A po irs y OCH, 
p methylaniline benzvlamine p«resol anisole 


(p toluidine) 


Only the two amines, p-methylaniline and benzylamine, arc soluble (as their conjugate-acid ammonium 

ions) in dilute НСІ. Only the phenol p-cresol is soluble (as its conjugate-base phenolate) in dilute NaOH 
solution. Anisole is soluble in neither dilute acid nor dilute base. Only benzylamine gives off a gas (N;) 
when diazotized at 0? with HNO). p-Methylaniline gives off № when the corresponding diazonium salt 
is heated. 


23.49 (a) The amine nitrogen (but not the amide nitrogen) is the most basic atom in the molecule. Hence. labetalol 
hydrochloride is the ammonium ion that results from protonation of this nitrogen. 


[9] 
M 
C —NH5 
C OH zh 
* | / N 
Ti CH3CH5CHNHCH3CH 20 No CI labetalol hydrochloride 
` 


H,C H 


(b When labetalol hydrochloride is treated with one molar equivalent of NaOH. a proton on the positively 
charged nitrogen is removed and neutral labetalol is formed. 
(c) | Hot NaOH ionizes the phenol group and also brings about hydrolysis of the amide group to a 


carboxylate. 
o 
NI 
C—O Na*' 
В OH FEST | 
/ \ | / \ 
A уени O^Na* + NH; 


CH; 
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(d) | Hot 6 M aqueous НСІ solution results in protonation of the amine nitrogen (as in part (a) and hydrolysis 
of the amide. 
о 
\ 
C — OH 
эн 


— o 
A i= CH3CH4CHNHCH4CH OH + NH, 
HC H 


Depending on the severity of the conditions. the alcohol could dehydrate to give compound A. which is 
the conjugate acid of an enamine. This would hydrolyze to an amine and an aldehyde under the aqueous 


conditions. 
Os. 
C —OH 
H 
{_`у—снснуснунсн =CH oH « — 
CH; 
compound A 
Os 
C — OH 
e» Ф 
E Ne кы уйы —CH; ~ 5 \_ -OH » (y enenscifans 
CH; " CH; 
(a resonance-stabilized carbocation) 3. 
UN 


23.50 (a) In 1 M HCI solution, cocaine is protonated on its amino nitrogen. 
H CH 
N r 3 


~ 


cr 
СОСН; 


ERI. 


* ads." 


H о Ph 


(b Hot aqueous NaOH would bring about saponification of the ester groups: 


o 


о Ph + CH,OH 


(c) Concentrated. hot aqueous НСІ would protonate the amine nitrogen (as in part (а)) and would bring 
about hydrolysis of the two ester groups. 
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H. + CH; Cl 
N Р 
IN - Oo 
д“ СОН 


A + HO Ph + CH,OH 


H^ “он 


23.51 Dissolve the mixture in a suitable low-boiling solvent such as ether or methylene chloride. Extract with 5% 
aqueous sodium bicarbonate solution. The carboxylic acid p-nitrobenzoic acid will dissolve in the aqueous 
solution as its sodium salt. Isolate this aqueous solution and acidify it with НСІ to precipitate the carboxylic 
acid. Then extract the remaining organic solution with 5% aqueous NaOH solution. p-Chlorophenol will 
dissolve in the aqueous solution as its conjugate-base phenolate ion. Isolate this aqueous layer and acidify it to 
obtain the neutral phenol. Then extract the organic solution with 5% aqueous НСІ solution. The amine aniline 
will dissolve in the aqueous layer as its conjugate-acid ammonium ion. Separate the aqueous layer and 
neutralize it with NaOH. Aniline will form a separate layer that can be separated. dried, and distilled. Finally, 
dry the remaining organic layer and remove the solvent to obtain nitrobenzene. (The acidic extraction could be 
carried out as the first step.) 


23.52 The basicity of trifluralin is much less than that of N,N-diethylaniline. The electron-withdrawing polar effects 
of both the nitro substituents and the trifluoromethyl substituent destabilize the conjugate acid of trifluralin, and 
resonance interaction of the nitrogen unshared electron pair with the two nitro groups stabilizes trifluralin itself; 
this interaction is absent in the ammonium ion. (In fact, trifluralin is not basic enough to dissolve in dilute 


НСІ.) 
с о (NEG 0 CTO +» 06, о +NED О 
E a. J^ at ЦА 
Ng yN N „Му 7M N „М ><. +N. 
€ ca ag 0^ "^ “Ee CO а 
| — 45 ~ Н < > 
| f ^ 

~ J ify! М; э 

VV bé T 

CF; CF, CF, 


some resonance structures of trifluralin 


23.53 (a) Nitrous acid forms a diazonium ion from anthranilic acid. This diazonium ion undergoes coupling with 
N.N-dimethylaniline to give methyl red. 


COH 

pe 
f= id / \ 
( N=N—C — МСН), теуі red 
A ey 39 


(b) In acidic solution. methyl red is protonated to give its conjugate acid. Protonation occurs on one of the 
diazo nitrogens because the resulting conjugate acid is resonance-stabilized. 


ionizes at pH 2.3 


COH COH | 
/ 
4 ~ ` , 
А, ў} а {> == — 
{ \ vn <7 S y МСН «—» A \—N—N ( N Мн)» 
ЧЕ 1 ^ X 4 | TN 
н. H | 


conjugate acid of methyl red 
dissociates at pH 5.0 
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You may have noticed that the pK, of the carboxy group is unusually low for the pK, of a 
=> carboxylic acid. Can you explain why? 


23.54 (a) First prepare p-nitroaniline from aniline as shown in Study Problem 23.4 on text p. 1205. Then diazotize 
this amine to give the diazonium salt. Couple the diazonium salt to salicylic acid to obtain alizarin 


yellow R. 
СОН 
l Уон 
on- Ха, MOR oi Ej X esed salicylic acid 
2 \ / wy 


p nitroaniline 


ON — —N =N — ——OH 


alizarin vellow R 


(b) From the solution to the Problem (23.53 on p. 855 of this manual). or from the information in the 
problem. the pK, of a protonated diazo group should be around 5. Consequently. at a pH value well 
above 5, the diazo nitrogens are unprotonated. The pK, of the carboxy group should be around 4. 
Therefore. at pH = 9. the carboxy group should be ionized. The group that ionizes between 10 and 12 
should affect the conjugated m-electron system because it affects the color. Since this group is not the 
diazo group. it must be the phenol. If the phenol has a pK, of about 11, then at pH = 9 it is un-ionized. 


CO; 


O3N —, —N=N—f ^» —0OH structure of alizarin yellow R 


Yy atpH=9 


(c) | At pH > I2. both the carboxy group and the phenol are ionized. (Show the resonance structures for the 
delocalization of the phenolate ion throughout the 7-electron system of the rings, the diazo group. and 
the p-nitro group. This interaction is the basis for the color change.) 


CO; 
== ы, 
9 / N d 9 / \ ы TH - 
ON — p, N=N—“ [9] structure of alizarin yellow R 
N // Raa: at pH > 12 


23.55 (а) | Amanda is evidently trying to run a Friedel-Crafts acylation on aniline. This cannot work as shown for 
two reasons. First, the aluminum trichloride, a Lewis acid, will react with the electron pair on the amino 
group, thus deactivating the ring. (This is much like its effect on phenol acylation; see Eq. 18.92 on text 
p. 927.) Second. a competing reaction is acylation of the amino group to form acetanilide, a reaction that 
will undoubtedly be catalyzed by the aluminum trichloride. К 

(b) Excess methyl iodide will form the quaternary salt (CH3):CN(CH.)i I : the reaction will not stop at the 
secondary amine shown in the problem. 

(c) | Amanda is attempting to nitrate the ring and is relying on the activating, ortho, para-directing effect of 
the dimethylamino group to direct the substitution to the para position. The fallacy here is that under the 
very acidic conditions the dimethylamino group is protonated. and the protonated dimethylamino group 
is expected to be a meta director. (See Eq. 23.27 and related discussion on text p. 1205.) 

(d) Although the aldehyde will indeed be reduced, so will the nitro group. (See Eq. 23.60 on text p. 1214.) 
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(c) | Amanda is attempting to displace water from the protonated alcohol with dimethylamine, which is a 
goad nucleophile. Unfortunately, the acidic conditions required to convert the —OH group of the 
alcohol into a good leaving group also protonate the amine, which is much more basic than the alcohol. 
The protonated amine no longer has the unshared electron pair that is responsible for its nucleophilicity. 

(f) Amanda is attempting to carry out an Sy2 reaction on a tertiary alkyl halide. Unfortunately. tertiary alkyl 
halides do not undergo S42 reactions. If a reaction occurs at all, it will be the competing E2 process. 


23.56 (a) 
11 МамоуНСІ 
2) CuCN Hs, cat. 
Axi" зь РИС = 3  » PRCHSNIHS 

benzylamine 
(b) 

1) NaNO./HCI р DL AIH 4 

2) CuCN H40*. НУО, heat 2)H;0 
PhNH, — 1 ^ _ э phCesN ——3———— OP». расон ЭИ" V. pig н.он 
benzyl alcohol 
(c) 
Оо  DLaAN, 0 GO; 
НО", Н›О, hear 1) H40" M 2) H0 
phen СЇ? 072088 сон Em рьси,он SWS ШИ V. PhCH Bi 2% > >» 
prepared in 
part (a) 
о o 1) LIAIH, 
| SOCI, i NH. (excess) [| 23H40 
PhCH COH — ——3À»- PhCH,CC] ——— — ——3» PhCH.CNH2 — ————3 PhCH,CH,NH> 
2-phenvlethanamine 
(d) 
О 
МаСКВн; 
PhNH^ + CHjCCH^5CH; — —— — —» PhNHCHCH>CH, 
" о" CH,OH pes um 
CH, 

N-phenyl-2-butanamine 

(e) 


НО“, H50, heat 


у= Ас»О - Clo, FeCl; == 2) NaOH (dilute) 
(Q NH? = >< > ~ NHAc >» CI—. ,)—NHAc 


1) NaNO;/HCI H30*, heat 


di. 2) CuCN 
e о мну Ee а pce NS» a- con 


p-chlorobenzoic acid 
1) NaNO;/HCI aniline 
2) Сиб! all Pd) catalyst 
PhNH; ж» РҺСІ 
NH 


diphenylamine 


(f) 


23.57 The acetic anhydride treatment acetylates either the amino group or the hydroxy group. Because the initially 
formed product A can form zn ethyl ether, its —OH group is not affected in the first reaction. Consequently, 
compound A is p-acetamidophenol and compound В is its ethyl ether. This is reasonable because, so long as the 
hydroxy group is not ionized, the amino group is the most basic group in the molecule, and is thus the more 
nucleophilic group. Compound A dissolves in base because the hydroxy proton can ionize. 
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Ac 0 NaOH X, - Ed 
HN OH ———3»- AcHN OH <q AcHN о ——» 


p-aminophenol p-acetamidophenol 
(4-acetylaminophenol. 
or acetaminophen) AcHN OE! 

(compound A) \ / 


N-(4-ethoxyphenyl)acetamide 
(compound B) 
In compound A the acidity of the amide N—H is likely to be comparable to that of the phenol 
(why?). Hence. the conjugate-base anion of the phenoxide is in equilibrium with the phenoxide ion. 
If both ions are indeed present, evidently the conjugate base phenolate is alkylated more rapidly. 
Alkylation of the oxygen then pulls the equilibrium between the anions towards the phenonide: 


9 н = O H 9 H == 
Маон H | ЕП NM 
CH3C —N OH ш>”? CH,C—N о ———» CH43C—N— OEt 
p aceiamidophenol А №. (4-ethoxyphenyl)acetamide 


(4-acetylaminophenol. 
of acetaminophen) 


{compound A) 


(compound B) 


23.58 First identify compound В by completing the reaction sequence in Fig. P23.52, text p. 1160: 


о о HN 


SOCI | iperidi 
HC CHCH4CHSCOH '»nc—cnucnu,cu,cci P'Peridine 


4. pentenoic acid 


Oo . rami, 
А | 2) H,0° : Е 
H3C —CHCH;CH;C— N DU HC =CHCH{CH;CH,N — ) 


B 


Compound A. because of its reaction with Ag* to give AgBr. appears to be an ionic compound. The formula of 
compound B shows that it must be derived from two molecules of 1.5-dibromopentane. Because the alkene B is 
obtained by an elimination reaction, it is reasonable to suppose that compound А is a quaternary ammonium 
salt. A reasonable structure of such a salt that could result from the reaction of two equivalents of 
1.5-dibromopentane and one of ammonia is as follows. (This equation also shows the reaction of compound A 
with hydroxide ion to give compound B.) 


ad. 
H OH 
A 
z [L ' —A 
P^ N / / \ 
Сум» Br ——» ( N ) + H—0H + В 
N EN ter AM. чеш, 
compound A compound В 


The formation of compound A from 1.5-dibromopentane and ammonia thus must involve the following steps. 
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NH intramolecular -—— NH 
. +. E 35 alkvlation e \+ ч rag, 
BriCH44Br + ХН; - » BACH) NH} Вг æ — — Bri(CH4)eNH, ————————— ( МН. Br dioe 
x / = 
. VS 
+ NH Br 
- L intramolecular UMEN. 
/ М весна / ХИ NH / N/ alkylation И М/ \ __ 
NH — ( NH maa \ N | = ( + 7 Вг 
/ М7 X yl \ / X 
* 
+ NH, Br Br Br compound A 
+ NH4 Br 


23.59 (a) The barrier to internal rotation about the N-phenyl bond in N-methyl-p-nitroaniline is greater because 
there is more double bond character in this bond than there is in N-methylaniline. There is more double 
bond character because of the resonance interaction between the unshared electron pair on the amine 
nitrogen and the p-nitro group. 


double-bond character 


2) = f^ ^0 — | 

Na i AE r.i 

N N NHCH; < > N= NHCH; 
= ў N / "i 
о о - 


(b)  Cis-and rrans-1,3-dimethylpyrrolidine rapidly interconvert because all that is required for this process is 
amine inversion, which is very rapid. 


i N 
H 
trans cis 


(c) This compound is the nitrogen analog of an acetal and, by a mechanism similar to that for the hydrolysis 
of an acetal, decomposes to formaldehyde and two equivalents of methylamine in aqueous solution. 


+ 
/*H— OH 


*^ 


i £^. 7 ^ “St 
CH,NH СНз NHCH, = CH,NH-* CH; — NH;CH, “OH a 9 NCH; + CHyNH=CH, @ > 


“он 
fs 27 
prem 4 M Сон 
+ 
CH;NH—CH,— OH ж» снуќн,--сн, 0 A X CH,NH. + HQC—O + H— OH 


(d) This compound exists as an enaminc for the same reason that B-diketones exist as enols: internal 
hydrogen bonding and conjugation stabilize the enamine form. 
, internal hydrogen bond 
нус H. ^ 
3 SN "d a -0 
| | 
«уен Soc H 
\ ^ arts 
\ 
\/ 
conjugated double bonds 


HC 
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(e) Тһе diazonium salt does not decompose to a carbocation because the carbocation has a 4л 77-electron 
system and is therefore antiaromatic and very unstable. 


22 —N / Y a 
a" _, HNO, Wis. 22 М, | 
7— МН» "A ? N==N > J+ + NEN 
—/ E» EA 
2,4-cyclopentadien- antiaromatic; 
l-amine unstable 


23.60 First. resolve 2-phenylbutanoic acid into enantiomers using an enantiomerically pure amine as the resolving 
agent. Then allow the appropriate enantiomer of the carboxylic acid to undergo the reactions shown in each 
part below. The key clement in all these syntheses is that the Hofmann and Curtius rearrangements take place 
with retention of stereochemical configuration. 


(a) 
2 A о К x о R M о Bra R о 
[| SOCI^ ll NH, II NaOMe ` 
PhCHCOH =>» PhCHCCI “> PhCHCNHa v >» PhCHNHCOCH, 
| | | " | 
Et Et Et Et 


(b) In this case, esterify the 5 enantiomer of the carboxylic acid that was obtained from the enantiomeric 
resolution. 
S S 
X [e] oO 
^ ѕос М | гюн NII 
PhCHCOH "- PhCHCCI » PhCHCOEt 


L И d 


о 5 


(c) In this part, the isocyanate product from the Curtius rearrangement is divided in half, and part of it is 
converted into an amine. This amine is then allowed to react with the remaining isocyanate, 
R о R © о R, 


R 
N || SC № heat ^ 


ОСІ» | №№; | З 
PhCHCOH —» PhCHCC] — ——» PhCHCN, — —» PhCHN —C—0 —— 


| | | \ 

Et Et Et Et | | R . о R 
1) H,0*, Н,О, heat. | \ b c cat 
|) Ha I neal \_ phCHNHCNHCHPh 
2) NaOH (dilute) | | 

Y | Et Et 
PhCHNH, | 
| 
Et 


(d) Use the same reactions in part (c). except prepare the (S)-amine from the (S)-carboxylic acid. Then let 
the (R)-isocyanate react with the (S)-amine to give the meso product. (The same product would be 
obtained from the reaction of the (S)-isocyanate with the (R)-amine.) 

(e) | Use the same reactions in part (c) to prepare (R)-I-phenylpropanamine. Then couple the (R)-amine with 
ethyl p-chlorobenzoate in the presence of a Pd(0) catalyst and Ма? Or-Bu (a Buchwald-Hartwig 
amination) followed by hydrolysis of the ester. 
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PINK, 


Et jen. Et 
R Na* "Ot-Bu R 
NJ T m Рай) catalyst x! ee 
from part (c) 
1) H0*heat 
Е neutralize 


к E 


So) 
Ph—CH—NH Сон 


(a) Sodium benzenethiolate. Na* PhS, is a salt and thus soluble in water but not an organic solvent; 
| -bromooctane is relatively nonpolar and thus insoluble in water. No reaction occurs initially because 
the two reactants cannot interact; however, with the addition of the phase-transfer catalyst tetrabutyl- 
ammonium bromide, (CH ,CH .CH;CH3),N* Br. the two reactants can interact to form octyl phenyl 
sulfide. (See text p. 1196.) 


Ph—O0-— CH4(CH;);CH4 


octyl phenyl sulfide 
(b)  Phenylacetonitrile and 1.4-dibromobutane are not soluble in water, especially with an ionic compound 
like sodium hydroxide in the aqueous layer. Phenylacetonitrile and |.4-dibromobutane are soluble in 
dichloromethane: the tetrabutylammonium bromide is a phase-transfer catalyst and the rapid stirring 
brings the hydroxide ion into the organic phase. The hydrogens of phenylacetonitrile that are a to both 
the phenyl ring and the nitrile group are acidic and may be removed by hydroxide ion. The resulting 
conjugate base reacts with the 1.4-dibromobutane in an 5,2 reaction: 


Br (OIA Br 
а Bu,N* Br “ 1,4-dibrnmobutanc 
Ph —CH.—C=N + OH Fna, Ph— CH—C=N = Ph—CH—C=N 
7 
phenylacetonitrile HO  aresonance-stabilized anion Br 


The resulting product reacts with another equivalent of hydroxide to give the conjugate base. which 
undergoes an intramolecular S42 reaction to form the CHN product in high yield. 


Bu,N* Br = Ph 5 
Ph—CH—C==N + OH «—— —* Pph—C—Cm — > * Br 
| CHIC CN 
MM o N ". Br н.о Вг 
е \/ 1-phenylcyclopentane- 


carbonitrile 


(c) The reaction between morpholine and bromobenzene іп the presence of aqueous NaOH and the catalyst 
Pd|P(1-Bu)i]; is a Buchwald-Hartwig amination reaction. The cetyltrimethylammonium bromide is a 
phase-transfer catalyst that brings the water-insoluble bromobenzene into contact with the reactants. 


NaOH 
Pd[P(!-Bu);]; catalyst 


ih, CH4CH)uCHANCH) Вг (moe)  / \ " 
О NH + Вв ———— 9 0 N / 
\ / H;Oftoluene \ / M ud 
morpholine bromobenzene N-phenyImorphaline 
Compound A appears to be an N-benzoyl amide of compound B because it is hydrolyzed to benzoic acid. and 


because it is re-formed when B is treated with benzoyl chloride. Compound A cannot be an ester because it 
contains only one oxygen. Compound В is therefore an achiral primary or secondary amine. It cannot be a 
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primary amine because it does not liberate nitrogen gas after treatment with nitrous acid: thus, it must be 
secondary because a tertiary amine cannot form an amide. The formula of B is obtained by subtracting the 
formula of a benzoyl group (Ph—CO—, C;H40) fram the formula of A and adding a hydrogen. Thus, the 
formula of B is C H5;N. Compound B therefore contains five degrees of unsaturation. One degree of 
unsaturation is accounted for by a cyclohexane ring. reflected in the degradation product D. and the remaining 
four by a phenyl ring. reflected in the degradation product styrene. which is formed along with product C. 
There are only two structures for compound B. shown below as ВЈ and B2, that would give the indicated 
degradation products: 


М, , NHCH3CH;Ph 
( У CH3NHCH3CH3 < N ( X T 
X: CH; 
Bl 


B2 


Although both are reasonable answers. structure В? is better because it would lead to one alkene D, whereas B2 
would lead to zwo different alkenes of which D is the major onc. Taking B? as the correct structure for B, the 
identities of the unknown compounds are as follows: 


On were 


\ \ EN 

Fx. FX TEE a 
/ CH dedos, / CH »NHCH>CH> ) 
Neal ‚ш. х=/ 


B 
/ $ / 
( p, CH3N(CH3)5 ( y 
\ j / 


‘ р 


Р 4 


The oxidation data reveal that compound A contains a monosubstituted benzene ring, compounds В and C 
contain para-disubstituted benzene rings. and compound C additionally has an amino group directly attached to 
the ring. The pK, of compound C additionally confirms that it is an aniline derivative, and the fact that 
compound C. following diazotization, requires warming to evolve a gas (№) also indicates that it is an aniline 
derivative. Compound A is chiral. and furthermore, it must be the racemate, because it evidently forms 
diastereomeric salts with (4)-tartaric acid. Because six carbons are involved in a benzene ring, the problem is to 
determine how the remaining two carbons are arranged so that the resulting structures are consistent with the 
data. The following structures are the only reasonable possibilities: 


— HN NH3 == / \ 
\ | / \ / 
( CHCH, H,C SN p, CH NH, CH CHa A 7А мн; 
; / N/A VY 
1 n í 


(a) Since diazotization of R—NH,;, gives М» and products derived from R*, then diazotization of H—NH, 
should give H*, that is, H,O*, and No. 
(b) Exhaustive methylation is followed by Hofmann elimination in which a proton is removed from a 


B-carbon. 
: B, LCD CCP 
1) СН, (excess) y 
CU AO 1| Ф heat N 
а Нз о, Нз 
Hs A B C 
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Although it is not discussed in the text, the regioselectivity of the Hofmann elimination tends to favor 
removal of a proton ai the f-carbon with fewest alkyl substituents. Therefore. A is the predominant 
product. 

(c)  Thetriamide resulting from treatment of the acid chloride is reduced with LiAIH, to give tnamine A, 
which is exhaustively methylated and then subjected to Hofmann elimination to give the product. which 
is an isomer of benzenc. 


CH-N(CH U^ CH, 


| 1) СНІ (excess) ^ 
2) Ag2O0. then heat i N. kO3(CH4N 


(CH )SNHCH 5 CHAN(CH у)» нс“ “сн, 
А 
(d) The nitrosyl cation acts as the electrophile in an electrophilic aromatic substitution reaction of phenol. 


N—O 


E d OH + o-w— jon 


(e) — In this variation of the Sandmeyer reaction, coppertI) nitrile introduces a nitro group into the ring. 


p-Dinitrobenzene would be very difficult to prepare by electrophilic aromatic substitution; can 


=> you see why? 


(f) The amino group is alkylated twice by ethylene oxide to give CH ,\CH»CH,2CH.N(CH;CH;0H)>. 


(g) Тһе amine reacts with the epoxide at the carbon with fewer alkyl substituents. 
ү” 
(CH3)4C — СНЕ, 
(h)  Theconjugate-base anion of phthalimide reacts at the carbon of the epoxide with no alkyl substituents to 
give compound A; hydrolysis of the amide groups gives the amine product. 


о о 
|| 
d | T os OH, H30, het (^ ss [н 
| NCH,CHCH, ——— —2— а » || + HaNCHSCHCII 
à ^ 2 - 3 | 2 @ p А 3 
SS R c-0 
ll 
о о 
А 


(i) The amine reacts with the epoxide with inversion of configuration. Because both starting materials are 
achiral (the epoxide is the meso stereoisomer), the product is the racemate; one enantiomer results from 
reaction at one carbon of the epoxide, and the other enantiomer results from reaction at the other carbon. 
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HO H H OH 
\ - / 
R а Ph 5 Ph кгм s 

H "С х С C "HW 
á \ / \ 


Ph MN N Ph 
T C) 


0) Vinylic halides are inert in S42 reactions. and allylic halides are very reactive. Because an excess of the 
amine is used, only one halide molecule reacts with each amine. and the allylic bromine is displaced. 


н›с=с— CH NHH Br 
R 


(k) Catalytic hydrogenation reduces nitrobenzene to aniline, which then reductively aminates the aldehyde; 
because excess aldehyde is present, the resulting secondary amine then reductively aminates a second 
molecule of aldehyde. The final product is the tertiary amine N,N-dibutylaniline. 


PhN(CH;CH;CH;CH,),. 
23.66 (a) 
о 1) LiAH, conc. HBr D CO» 
A 2)H)0* e. H4SO, я ; Me 2) HO 
CH}(CH2),COH — — CH CH), CHOH s » CH x{CH4)}CH>Br — » — = 
pentanoic acid 
О О О 1) LAIH} 


SOCI^ ll H4NCH a (excess) l 2) H,0* 
CH 3(CH>),CH»COH — —»- CH (CH >) iCH3CCI ————————» CHCH») 1CHSCNHCH 1 У тт 
3) № 


CH3(CH»)1CH2CH^NHCH à 


N-methyl-1-hexanamine 


(b) 
о О о D LiAlH, 
SOCI, | NH; (excess) ll. 2H0* . 
CH3(CH3) COH — —3»9 CH34(CH2)3CC]. ————————» CH CH3); CNH, D COH CH CH2)/;CH5NH4 
3) Na 
pentanoic acid pentylamine 
(c) 
О О 


| SOCI» Il — HN(CH3)» (excess) 
CHXCH3)4COH 2 CH (CHCC — — —- = 


o АН 


I! 2) H,0* 
CH3(CH2)4CN(CH у)» Bm CHj(CH»)3CHoNO(CH 3)» 


3) NaOH 
N.N-dimethyl- 1-pentanamine 
(d) 
Oo 
l|. Bry, NaOH 
CH3(CH3),CNH> ET 5 —— 3» CH4(CH2)4NHà4 
^ 
prepared in ` butylamine 
part (b) 
(e) 
o О 1) LiAlH, 
l| МН, (excess) ll но" 
CH3(CH4),CH5CCI 2> CHi((CH;;CH4CNH5 БООН > CHi(CH:)CHSCHSNH^ 
i рэч 2 2 2 Na 2 Tav 
prepared in part (a) hexylamine 


(1-hexanamine) 
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(f) 
(CH3}2NH CH; 
NaCNBH,: РЪСН.Вг «d 
O-—CHCH.;CH3:CH; НЕОН = (CH3)2NCH,CH»CH»CH,; — — —3» PhCH; —N —CH>2CH>CH>CH: В! 
butvraldehyde 4 "T 1 
(g) 
О 1) KMnO4. OH 
.. NBS, ССЦ | Me _ DA 2) H,0* 
PhCH, - PhCH Bi » — ——» PhCH.CH,.CH,OH ——--———-————» 
peroxides я ether 2) H,0* чей 
toluene : 
о О WNE о D LIAIH, 
! soci, (excess) | 2) H,0* 
PhCH CH COH — — à» PhCH CHCC]! — ——3» PhCH4CH5CNHEt он eee 
N-ethyl-3-phenyl 
l -propanamine 
(h) 
1) NaOE:, EtOH 1) NaOEt. EtOH 
2) СН:СН»СН»ВІ 2) CHal 3 


CH(COsE0^ — o —— ава )CHSCHSCH(GCOsE0D^ = 


diethyl malonate 


о 
Н.О“, Н.О, heat и 1) SOCH 
CH,CH;CH3(CO;E0; =» CH,CH;CH;CHCOH. у= 
—— 2) ХН; 
CH; CH; 
о 
|| Br5, NaOH . 
CH,CH3CHSCHCNH,. = русу 9 CHiCHCH?CHNH? 
| 2 
CH; CH; 
2-pentanamine 
(i) 
1) LiAIH, conc. HBr ^^, 
DMO H.SO Me 1 
(CHy.C—0 22 — X  (CHysCHOH — À— 3 3» (CHa CHB: 2» 1! 
" - ether 2) H,0* 
acetone 
1) KMnO4. OH о 
2) H,0° ll D SOCI, 
(CH3)xCHCH3CH.0H  —-— — -> (CH,),CHCH,COH >) NH =) 
=}. 4 
© 
| Bra. NaOH 
(CH 3)2CHCH,CNH> H o (CHi;CHCH;NH^ 
s 
- isobutylamine 
0) 
1) LiAIH, conc HB: о 
2) H,0* HSO; Me DZN 
(СН з)-С =O > (CHp CHOH —— — —3» (СН) СНВ: ———— 
Ея Е E ether "ame" 
acetone | 
D KMnO,. "OH o 
снузенсн,сн.он D H9" (cup,cucn,con 2S 
aC sCH> —— ээ- к a 1 = 
єн)» ЄН» 3» pr пухи. 
[0] 1) LiAlH, 
; |, зно? | 
(CH3),2CHCHsCNH» ————— 39» (CH).CHCH,CH.NH, 
= F 7 3)}NaOH E “gee 
isopentylamine 
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tk) 


I) Sn/HCI 
Вг», FeBr 2) NaOH 
ÁO | MH ИР 


м heat 


nitrobenzene 


(1) 


" 1) Sn/HCl 
2) NaOH 


1) NaNO,/HC1 
2) CuCl 


nitrobenzene 


(m) 


1) NaOH 


НМ, ‚ 20 ,‚ 


“cH, > 


phenol 


(n) 


D 1) TsCl, pyridine D 


| 2) NaCN 


єн; 


1) NaNOs/HCIl 
| сас) — — cucl 


д. 
m-chlorobromobenzene 


CI 


CI 
di 


м. 


p-chlorobromobenzerne 


For the first reaction below. see Eq. 18.90 on text p. 927. 


OCH; 
NO; 


1) LiAIHy D 
2) H,O 


OCH; 


= 


p-methoxybenzonitrile 


1) NaNOJHCI 
DUN p 


Qu, —>—> in 


H,NCH; M H 


CH; CH; 


Note that the S42 reaction of cyanide ion proceeds with inversion of configuration. 


(0) 
CH, —CH, 
j , 


/ 
Н.С —CH 


(a) 


| 
NHCH, OCH, | 


Following the loss of an electron, the molecular ion of 2-methyl-2-heptanamine undergoes ап a-cleavage 


to give (CH;),C—"NH.»., which has an m/z of 58. Following the loss of an electron. the molecular ion of 
N-ethyl-4-methylpentanamine undergoes an a-cleavage to give CH4CH—"NHEt. which has an m/z of 


72. 
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‘NH, CNH 
| + [NO 
CH4CH;CH;CH;CH; = f = CH; ==» CH3CH;CH;CH;CH; с — Сн, —— 
| 
CH; CH; 
2-methyl-2-heptanamine NH; 
ri [| 
CH4CH;CH;CH,CH; + C 
мидә тедщ H,C ite CH, 
mí: = 58 
:NFCH,CH, CC NHCH.CH s 
| F Сү! 
(СНз),СН,СН, —CH— CH, TX (CH39CH;CH; CH — CH; = 
N-ethyl-4-methyl-2-pentanamine 
NHCH,CH, 


^ | 
(CH3,CH;CH; + CH — CH; 


т/с = 72 
(b) The a-cleavage of tributylamine produces a major peak at m/z = 142: 


сн Мсн, Moli, -——9 CH,CH,CH, + CH, — NBu; 
тіс = 142 


At pH 1. methylamine exists almost completely as the methylammonium ion. CH;—*NH3. The methyl quartet 
is expected for the presence of three neighboring nitrogen protons provided that chemical exchange is slow. As 
the pH is raised, more free methylamine is present and chemical exchange of the protons on the nitrogen can 
occur rapidly by the following mechanism. (The asterisk is used to differentiate the two nitrogens.) 


CH4NH; * CH4NH5 ш L CH3NH> T CH4NH, 


Evidently, this exchange is so fast on the NMR time scale that splitting is obliterated. (See Secs. 13.7D and 
13.8, text pp. 651—6.) 


The Ama Of aniline occurs at longer wavelength than that of benzene because of the conjugation of the aniline 
unshared electron pair with the z-electron system of the benzene ring. Recall that the more atoms are involved 
in a conjugated 7-electron system, the greater is the intensity of the UV spectrum and the greater is the А, 
(Sec. 15.2C in the text). When aniline is protonated, the nitrogen no longer has an unshared pair, and the 
conjugated 7r-electron system is restricted to the phenyl ring, in which case the UV spectrum looks much as it 
does in benzene. In other words. protonated aniline, as far as the 7r-electron system and the UV spectrum are 
concerned. is essentially the same as benzene. 


Assume that the —NH; or —NH protons of the amine rapidly exchange. so that they are not coupled to adjacent 
protons on carbon. 

Compound C should have the resonance at greatest chemical shift, because the proton a to the nitrogen is 
also benzylic and is a methire proton. This proton should be a triplet. 

Compound B should have the resonance at the next greatest chemical shift, because the protons a to the 
nitrogen are also benzylic, but are methylenes, which have smaller chemical shifts than methine protons by 
about 0.5-0.7 ppm. These a-protons should be a singlet. The relative integrations of the a-protons of В and C 
are different, as well. 
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Between compounds A and D, compound A has the resonance at smallest chemical shift—the methyl 


group. which should be a doublet. These methyl protons are neither benzylic nor a to a nitrogen: thus, they 
should have a resonance not far from 6 1. 


All of the resonances of compound D are in the 5 2-3.5 range. This spectrum should consist of two triplets 


and a singlet (plus the NH proton). Other features of these spectra might be cited as well. 


(a) 


(b) 


(c) 


With an unsaturation number of 4 and clear evidence for a para-substituted benzene ring (the four-proton 
pair of doublets centered at about 6 7), no other unsaturations are possible. The NMR indicates partial 
structures ОСН; and —CH:CH;—. With no other unsaturation, the nitrogen has to be an amine, and 
the broad. two-proton resonance near 6 | suggests an —NH» group. The only structure that fits all the 
data is 


CH40— —CH,CH; — NH; 


2-(4-methoxvphenylethytamine 
(compound A) 
The compound has no unsaturation and therefore must he an amine. The mutually split triplet—quartet 
pattern suggests an ethyl group. and the integration suggests two identical ethyl groups. If so, the 6 1.1 
resonance has buried under it (as suggested by the hint) a broad resonance for two additional protons. 
Indeed. the chemical shift is reasonable for an —NH) group. Because there are two amine nitrogens, 
these have to be two chemically identical secondary amines. Two resonances have four identical 
protons; this suggests two chemical identical —CH;— groups for each resonance. One of these 
resonances is a quartet and is part of the ethyl group discussed above: hence. there are two chemically 
equivalent ethyl groups. The other —CH,— resonance is a singlet; hence this corresponds to two 
—CH,— groups in identical environments that do not give rise to splitting. This molecule mus! have 
some internal symmetry. The structure is 
CHiCH; — N —CH;CH; — N —CH;CH; 


і | 


H H 


N.N -diethyl-1,2-ethanediamine 
(compound B) 


Although the two —CH,— groups in the center of the molecule are adjacent, they do not show any 
splitting because they are chemically equivalent. 
This compound has only one degree of unsaturation, and both the NMR (6 4.9) and the IR (898 cm ^!) 
suggest a vinylic methylene group (Н„С==) in which the protons are coupled to no other protons. The 
chemical shift of the three-proton singlet (8 1.8) suggests an allylic methyl group. We have a two-proton 
singlet at 6 3.2 that is clearly a to the nitrogen, and an ethyl absorption in which the —CH;— group is 
also a to the nitrogen. These data conspire to define the following structure: 
Н.С | -CHa—N — СН:СН, 
| 
CH; H 


N-ethyl-2- methyl-2-propenamine 
(compound C) 


The absorptions of the two vinylic protons consist of two singlets near 6 4.8; geminal splitting is 
typically very small (Table 13.3. text p. 647) and evidently is not observed within the resolution of this 
spectrum. 


The unsaturation number of this compound is 0. The instability of this compound in aqueous acid and the 

presence of two oxygens is consistent with the presence of an acetal. The six-proton singlet at 6 3.27 could be 
due to the methyl protons of a dimethyl acetal; the 8 53.2 resonance in the CMR spectrum could be due to the 
carbons of these methyl groups, and the 6 102.4 resonance could be duc to the carbon of the acetal group. that 
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is, —O—CH —O-—- . If so, the resonance in the proton NMR at 6 4.50 is due to the proton of this CH group. 
und its splitting indicates two adjacent protons. The resonance for these two protons is found at 82.45. This 
leaves a six-proton singlet at 6 2.30 unaccounted for; this could be due to the six methyl protons of a 
dimethylamino group. The compound is 


OCH, 
(CHi)sN —CH,—CH 
ОСН; 


dimethylaminoacetaldehyde dimethyl acetal 
(2.2-dimethoxy- №, N-dimethylethanamine) 


23.73 (а)  Thechemical data indicate the presence of a primary amine. The compound has one degree of 
unsaturation, and the chemical shifts in the CMR are too small for any carbon to be involved in a double 
bond. Hence. compound A contains a ring. and only CH and CH; groups are present. The presence of 
only three resonances means that two carbons are equivalent. Compound А is cyclobutylaminc. 

Cyclopropylmethanamine is ruled out by the fact that the carbon bound to one hydrogen has the 
largest chemical shift and therefore must be bound to the nitrogen. 


ae s 
< 7— МН, 2—— СН,ХН, 
Ф 2 L^ 2NH) 

cyclobutylamine cyclopropylmethanamine 
(compound A) (ruled out) 


(b) = The IR data for this compound indicate а —CH—CH, group. The molecule is neither a primary amine 
(chemical data) nor a tertiary amine (it has an N—H). Hence it is a secondary amine. Two structures 
worth considering are A and B: 
CH,CH,NHCH=CH, CH,NHCH.CH= CH, 
4 B 
Because the CMR spectrum contains no resonances near 6 15, which would be expected for the methyl 


carbon of compound A. the structure must be B. N-methyl-2-propenamine. The chemical shifts of the 
carbon resonances are consistent with this structure. 


23.74 (a)  Thisreaction is related to the Hofmann rearrangement, on p. 1219 of the text. 


| | | 1 т 
PhCH, —C —N—0—6C—Pn — prc, CL N-L0 —6 —Ph — > PhCH,-N=C=0 SOHO, 
| —^ benzene 
H 
dim o о 


DE | NE 
PhCH,.—N— C=O — PhCH; — NH— C —0 ——» PhCH—NH, + Kt O—C—Ph + CO, + “OH 


Г 
"a 
(b) This reaction is related to the Hofmann rearrangement. Reaction with hydroxide on the carbonyl carbon 


of N-bromosuccinimide gives an N-bromo anion, which undergoes a Hofmann rearrangement to the 
corresponding isocyanate, which in turn, hydrolyzes and decarboxylates to the amine product. 
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O> Јон О Лон 0 0 
| 
№-Вг —> N-Br —> вг—һ—С—сн,сн,С—оОн SO 


ө, О “OH (0) 1. H 


anl | TAM ee 


pano ck O—C-N—CH,CHC—0' ——= O=C—N—CH,CH,C—O° —= 


7 ) =н Сін о 
O—C-LNH—CH;CHC— 07 ——» NH,—CH,CH,C—O + CO, + “OH 
(с) This reaction involves a Curtius rearrangement (text р. 1217). followed by intramolecular formation of a 


cyclic urea (Eq. 23.73. text p. 1218). 


о 


=O 


О E 
nA ЖОНЕ (427 >>» TE CH E ER M NH 
Sat MUN ee Tet ати 
м Ө м“ Ө 
Н; H 
23.75 Evidently, an anion is generated at the a-carbon of the ester, and this then adds to the aldehyde. Although one 
might be tempted to use the amine as a base to remove an a-hydrogen. vinylic hydrogens that are a to carbonyl 
groups are not particularly acidic, because the electron pair of the enolate ion that would form and the double 
bond cannot simultaneously be conjugated with the carbonyl. Rather, the amine acts as a nucleophile in a 
conjugate addition, which generates the required anion. Once the addition occurs. the amine is expelled again 


to regenerate the а, -unsaturated product. (As in previous problems, proton transfers are shown as 
intramolecular processes for convenience.) 


С 


H iC —CH 
Ы a 


ERN  H.C—CH—-CO.R RC н,с-сн-созн CO 
* ХЕ; 
0 OH он 
нус сн нус E нусси 


lee "4 | 
Hacer” a4 » НС x C —COsF! > НСС СОЕ: + EQN 
tNEn, СОЕ! Gt NEt; 


23.76 Ап intermediate in the formation of 1-pentanamine is the imine A. The other products arise from the fact that 


]-pentanamine, B. can react with either the starting aldehyde, pentanal, or with imine А to give a new imine С. 
(Give the mechanism for this reaction.) Imine C can also undergo hydrogenation to the second product. 
dipentylamine. D. Dipentylamine can also react with other imine intermediates to form imminium ion £, which 
can undergo hydrogenation to form tripentylamine F, the tertiary amine by-product. 


О NH 
|| -H,O || Н», cat. 
CH3(CH4),CH * NH; ^— B CH3(CH2),CH —B э» CH3(CH32) 3CH2NHà 
pentanal A в 
элш! may be paced ж dissribuedwirta.a оет” issic of tte publ cer Күз. Wd эс emori ds pres 


SOLUTIONS TO PROBLEMS » CHAPTER 23 873 


NH МСНСН») СН 
| Н». cat. 
ЄСнЄН.);СН + H NCHACH3),CH; «а > NH, + CH (CH+)\CH 2 э» [CH4((CH3),CH4]4NH 
А В C D 
NCHACH»3CH; NICH3(CH3)4CH3]5 
CH X«CH-2);CH + [CHCHA);CHobNH og = HaNCH3(CCH;CH; + CH3(CH2),;CH 
С D B E 
Hs. cat. 
> [CHy(CHa),CHs} а 


F 


The yield of pentylamine (compound В) can be increased, and the amounts of the other by-products 
=> reduced, by including ammonia in the reaction mixture. Can you see why? (Hint: Apply Le 
Chatelier’s principle.) 


23.77 Both compound A and C undergo Hofmann elimination after exhaustive methylation followed by heating with 
Ag,O. Compound A is converted to cyclooctatetraene (COT). compound В. and compound C is converted to 
"1.3,5-cyclohexatriene." which is actually benzene. COT contains 4n 7 electrons and is not aromatic; benzene 
contains 4л + 2 7 electrons and is aromatic (see discussion in Sec. 15.7B in the text). Under mild conditions, 
benzene does not react with aromine, while COT behaves as a typical cycloalkene and does react with bromine 
(see Eq. 15.43, text p. 759). 


1) Сну 
Мон» 2 LESEN Олег! ( )5- Br; Br 
(CH3)N Br 


A cyclooctatetraene 
(COT) 
B 

N(CH3); 

1) Сну 

LIN ӨЕ 

ies E no reaction 

МСН) — 


C 


23.78 (а) Amides, like amines. can be diazotized. The result is an acyldiazonium ion A. which rapidly hydrolyzes: 
remember that N, is a superb leaving group. This produces carbamic acid, which decomposes to 
ammonia and СО. Then ammonia is itself diazotized to give № as shown in the solution to Problem 
23.65(a) on p. 862 of this manual. 


[9] О о 
|| HNO} Jm H-O |! HNO» 
HNCNH, — ——J H;NCN-—N ———3 H:NCOH ———3 CO, + МН: — — № + 2Н-.О 
A carbamic acid 


(b) The amine reacts intramolecularly with the carbonyl group to give a carbinolamine, which then reacts to 
form a cyclic imminium ion А, which is reduced by the sodium borohydride. 
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CH 
^T de tny CH NQ 
Cor? 0 OH 
—- —— U -—R 
N. CH, OH м. Ph 
NaBH, H 
CH,OH 
A 


(c) Cyanide ion serves as a base to promote a f-climination of trimethylamine and form an с. f-unsaturated 
ketone A. This undergoes conjugate addition of cyanide ion to give the product (Sec. 22.9A in the text). 


"T 
^ 


| 
Phe c le, 


| | 
NMe, + PhC—CH=CH, + H—CN PhCCH,CH,CN 
A 


(d) The acyl azide A undergoes Curtius rearrangement to an enamine B, which hydrolyzes under the aqueous 
reaction conditions to the product ketone. 


о 
FONS ~ "NB "A 
А d Ns heat H30, H,0° + 
n. CO, м 
А B 


The mechanism of the Curtius rearrangement is shown on text p. 1217. and the hydrolysis of the enamine 
occurs as follows: 


f [М N | 
орь = Èa С СР 


(а resonance- 
stabilized cation) 


«hn, 


a OH; [e] 
Oe CT n Oe 


(а resonance- 
stabilized cation) 


(e) Тһе diazonium ion A formed from the starting material loses nitrogen to give a carbocation В. This 
carbocation undergoes a rearrangement to the product. (See Study Problem 19.2 on text pp. 961-2 for a 
discussion of a closely related reaction.) 
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OH AN; OH 
| ig è 
НС C— C— CH, We Ny + HyC—C—C—CHy » 
| | [1 
CH, CH, CH, CH, 
A B 
H H Э 
O~ CH, O+ CH, | о CH; 
K | OH, " 
H,C—C C— CH; = » H3C C C CH; — H,C C C—CH, + H— OH, 
+ 
CH; CH; CH; 


The conjugate-acid pK, of amine C is a normal conjugate-acid pK, for a tertiary amine. (See. for example. the 
pK, of the conjugate acid of triethylamine in Table 23.1 on text p. 1190.) This observation shows that 
incorporation of an amine into a bicyclic structure has no significant effect on its conjugate-acid рК. The 
conjugate-acid pK, of amine A is not unusual for an N.N-dialkylaniline. (See. for example, the pK, of 
PhN(CH,) in Table 23.1.) Recall (text p. 1193) that the conjugate-acid pK, values of aniline derivatives are 
considerably lower than those of tertiary alkylamines because of resonance interaction of the unshared electron 
pair on the nitrogen with the benzene ring. The conjugate-acid pK, of compound 8. then. has the unusual value 
that requires explanation. In this compound, the unshared pair on nitrogen cannot overlap with the 7-electron 
system of the benzene ring because the z orbitals of the benzene ring and the orbital on the nitrogen are forced 
by the bicyclic structure out of coplanarity. 


A 
„— A =~ 
тү... / 
K LA 


b j 
t- 7 ea: 


™ perpendicular 
to z-electron system 
of the benzene ring 


Consequently, the basicity-lowering resonance effect is absent. For this reason. the conjugate-acid pK, of 
compound B is higher than that of compound A. However, the hasicity-lowering polar effect of the benzene 
ring remains: for this reason, the conjugate-acid pX, af compound B is lower than that of compound C. 


1 The pK, data in the problem provide good estimates of the polar and resonance effects of a 
benzene ring on amine basicity. These data show that polar and resonance effects are about 
equallv important. 


The data show that the conjugate-acid pK, values of a bicyclic tertiary amine C (which is the same as amine C 
in the previous problem) and a monocyclic tertiary amine В are not very different. Hence. the additional ring 
has no unusual effect on pK,. The conjugate-acid pK, of amide A is also fairly normal for an amide that is 
protonated on the carbonyl oxygen. (See Eq. 21.4b on text p. 1058.) The pK, of amide D, then. is unusual. 
Normally. amides protonate on the carbonyl oxygen because the resulting carbocation is resonance-stabilized. 
In this casc. however. the bicyclic structure of the ring prevents the overlap of the nitrogen unshared electron 
pair with the 7-electron system of the carbonyl group. Hence, the electronic character of this nitrogen is more 
like that of an amine with a neighboring electron-withdrawing substituent (the carbonyl group) than it is like 
that of an amide. Thus. this amide behaves like an amine: it protonates on nitrogen. What about the hydrolysis 
rate? Recall that ordinary amides hydrolyze slowly because they are resonance-stabilized. (See Sec. 21.7E. text 
p. 1067.) When resonance siabilization is not present. as in the case of compound D, an amide hydrolyzes 
rapidly. In acidic solution, when the nitrogen is protonated. its hydrolysis rate is more like that of an acid 
chloride! 


"du i5 9 ecd foc quia os . bres eves 


876 CHAPTER 23 - THE CHEMISTRY OF AMINES 


* 
N N 
2 "s ne^ 
H \\ 
perpendicular 7 o 
to z-electron conjugate acid of D 


system of the 
carbonyl group 


(Sce also the sidebar on text p. 1059 for a discussion of this case.) 


23.81 (a) Ihe phosphine-containing probe compound reacts with the azide-containing protein as in a standard 
Staudinger reaction. as shown in Eqs. 23.56a-b on text p. 1212, releasing nitrogen as a by-product. 


о О 
| 


РИ A. ч C —OCH; 
JOE л CMM [Rue] > Zt eae — 
probe PPh, probe P— N—N-"- N- protein | 
| 


ZN 
& wy 


AN „© — CH, 

ee ee № 

probe ^ “е^ Prum 
Ph 


(b) Тһе negatively-charged nitrogen reacts with the ester in a nucleophilic acylation reaction to form an 
amide (see Sec. 21.8C for related reactions). The iminophosphorane is then hydrolyzed by water to give 
the probe-labeled protein. 


I. ] ] 


C —OCH; C C 
Уч N 
Даа 7 ede m I cmm 
P— P P 
probe PORC probe PA probe ya 


Ph Ph Ph Ph Ph py OH; 
1 1 1 
A. C —nH ова) C—nH—{ protein] 
CL Sima СҮ Pt 
probe z probe PPh; probe PPh 
ЛЖ) j^^ | 


(с) Had the ester group not been present in such close proximity to the iminophosphorane nitrogen. the 
reaction in part (b) would not occur, and instead, water would simply hydrolyze the iminophosphorane 
into the triphenylphosphine-derivative and the amine linked to the protein, as in a standard Staudinger 
reaction (see Eq. 23.57 on text p. 1213). 


$0 но 
probe SP-ima] > рое ү + HN—[protein] 
о 


Ph Ph 
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Carbohydrates 


STUDY GUIDE LINKS 


a Ф 241 Acid Catalysis of Carbohydrate Reactions 


Acid catalvsis of glycoside formation involves protonation of the hydroxy group at the anomeric 
carbon (Eq. 24.28a on text p. 1255): acid catalysis of mutarotation involves protonation of the ring 
oxygen (Problem 24.9 on text p. 1251). You may be asking why these specific oxygens are 
protonated—why not others? The answer is that ату one of the oxygens can indeed be protonated 
to small extents in acidic solution. However. only protonation at the ring oxygen leads to 
mutarotauon. end only protonation of the —OH group at the anomeric carbon leads to glycoside 
formation. In other words. the various protonated forms are in rapid equilibrium and are present 
whether they are shown explicitly or not. Only certain of the protonated forms can react further. 
and these are the ones shown in the equations. 


LT 24.2 Configurations of Aldaric Acids 


Consideration of the stereochemistry of aldaric acids reveals a subtle yet important aspect of the 
DL configurational system. Certain aldaric acids сап be derived from either a D or an L 


carbohydrate. 
COH CO>H 
H — on HO —;—H 
HO—|—H (iw) _y НО —|—Н 
H ——oH E H —— OH 
H—1—OH HO —;—H 
сон сон 


D-glucaric acid (from D-glucose) or L-gularic acid (from L-gulose) 
(the same compound) 


In this case, whether the aldaric acid is classified as D or L depends on which carbon is specified as 
carbon-1. Because the two ends of the molecule are constitutionally equivalent (see text p. 488). 
the choice is completely arbitrary! The names D-glucaric acid and L-gularic acid are both correct 
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names for this aldaric acid. The two names reflect the fact that this aldaric acid can be formed by 
nitric acid oxidation of either D-glucose or L-gulose. 

This situation arises hecause the —OH groups on the endmost asymmetric carbons are on the 
same side of the Fischer projection. However, when these —OH groups are on opposite sides, the 
configuration is unambiguous. For example. D-tartaric acid also has constitutionally equivalent 
ends, but it has the D configuration no matter how it is turned. 


CO.H COH 

HO—— —H P H 
( 180° J—» | 

Н —O0H H— — 0H 

COH COH 


D-tartaric acid 


As you might expect. a similar situation arises in other derivatives with constitutionally 
equivalent ends, such as alditols. This issue is explored in Problem 24.21 on text p. 1260. 


FURTHER EXPLORATIONS 


(у 24.1 Nomenclature of Anomers 


Long before the actual structures of the anomeric forms of many carbohydrates were known. the 
a-anomer of a D-carbohydrate was simply defined as "the more dextrorotatory of the two 
anomers." [his convention, proposed by C. S. Hudson (1881-1952), an American carbohydrate 
chemist, is cumbersome because, in order to apply it, one has to know the optical rotations of the 
two anomers. When the structures of several anomers became known, it was found that in most 
cases the more dextrorotatory anomer of each D-carbohydrate has the configuration shown in the 
text for the a-anomer. Hudson's definition in terms of a physical property—optical rotation— was 
subsequently replaced by the structural definition used in the text. 


24.2 More on the Fischer Proof 


The Fischer proof of glucose stereochemistry has a number of interesting facets that are not 
discussed in the text. One of the most important experimental aspects of carbohydrate chemistry is 
that many carbohydrates are notoriously difficult to crystallize; they are frequently isolated as 
“syrups” and "gums." Because chemists in Fischer's day did not have available the sophisticated 
purification methods available today. they had to rely almost exclusively on crystallization as a 
purification method. Because carbohydrates were difficult to crystallize, they were very difficult to 
purify. Few chemists were interested in working on problems fraught with so many experimental 
difficulties; consequently, little progress had been made in the ficld of carbohydrate chemistry 
when Fischer began his work. In fact. Fischer himself, in some of his correspondence, deplored 
the dreadfully slow pace of carbohydrate research in his own laboratory resulting from the experi- 
mental difficulties of handling carbohydrates. 

Two solutions to the problem of carbohydrate crystallization emerged from Fischer's long- 
standing interest in phenylhydrazine, PhNHNH>. He had developed an indole synthesis (today 
called the Fischer indole synthesis) using phenylhydrazine as a starting material. When he allowed 
phenylhydrazine to react with aldohexoses. he found that very interesting compounds called 
osazones were obtained. 
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CH—O CH= N— NHPh 

H—4— OH C—N — NHPh 
HO— —H HO —H 
+ 3 PhNHNH, — —3» + PhNH5 + NH: + HO 

H—4— ОН H—4— OH 
H—;— OH H OH 

CH40H CH40H 
(*)- glucose glucosazone 


This reaction is very reminiscent of phenylhydrazone formation (Table 19.3 on text p. 985). 
However, an unusual aspect of this reaction is that one equivalent of phenylhydrazine serves as an 
oxidizing agent, with the net result that a second substituted imine group is introduced. (For the 
mechanism of this reaction, see Loudon. Organic Chemistry, First edition. Addison- Wesley 
Publishing Co., 1984, pp. 1417-1418.) Osazones proved to be much more easily crystallized, and 
thus more easily characterized, than aldoses themselves. Furthermore, they served to confirm 
some of Fischer's stereochemical deductions. Notice that neither carbon-1 nor carbon-2 are asym- 
metric in the osazone. Consequently, isomeric aldoses that are epimeric only at carbon-2 give the 
same osazone. Fischer found that (+)-glucose and (4)-mannosc give different phenylhydrazones 
(formed under milder conditions with phenylhydrazine). but give the same osazone. This fact, 
along with their simultaneous preparation in the Kiliani-Fischer synthesis from (—)-arabinose, 
showed that they are epimers at carbon-2. 

Phenylhydrazine figured prominently in Fischer's research in a second way when Fischer 
found that the aminolysis reactions of aldonic acids (undoubtedly reacting as their lactones) with 
phenylhydrazine give phenylhydrazides, which, unlike the parent acids, are beautifully crystalline 
compounds. 


о, O. NHNHPh 
CO4H p С 
[^e | k 
H—— On H —1— OH N H OH 
| | 
1,0—.—H Hades; HO—1—H PhNHNH^ HO H 
= —— e 
H—+— on н——о^ семе, н OH 
aminolysis) 
H—|—OH H—|— oH H OH 
| | 
CH40H CHOH CHOH 
D-gluconic acid D-¥gluconolactone D-gluconic acid 


phenylhydrazide 


One other interesting aspect of the Fischer proof has to do with the last step, which was made 
possible by a remarkable bit of serendipity. It is noted in the text that Fischer had prepared L-(+)- 
gulose in the course of his research; recall that it was the oxidation of D-glucose and L-gulose to 
the same aldaric acid that completed the Fischer proof. Equation 24.38 on text p. 1260 shows that 
D-glucaric acid can exist as a mixture of two different lactones (Step 4. text p. 1266). Fortuitously, 
Fischer's procedure for isolating the lactones gave mainly the 1,4-lactone. His synthesis of L- 
gulose began with this lactone. 
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o о 
N N H 
c ©” 
H OH H OH 
HO Na/Hg HO 1 мане 
H о” H —T—O0H 
H OH H OH 
COH COH 
D-glucaric acid 1.4-lactone D-glucuronic acid 
CH,OH CH,OH CH4OH 
H OH H OH H E OH 
HO—|—H  -H;O O—L—H Natt, но Hi 
= > > | 
н он H—}—OH H —r OH 
H OH H —1— 0H H—— OH 
CO>H JS CH =O 
é S 
L-gulonic acid о L-gulose 


L-gulonolactone 


"Na/Hg" is sodium amalgam, a solution of sodium in mercury, which was widely used as а 
reducing agent unti] lithium aluminum hydride and sodium borohydride were developed. The 
sodium-amalgam reductions shown above can be carried out in stages by controlling the 
conditions of cach step. Recall that D-glucose is readily oxidized to D-glucaric acid-1.4 lactone 
with dilute nitric acid. Consequently. beginning with D-glucose, the overall sequence of glucose 
oxidation followed by the sodium amalgam reductions effects the net interchange of the CH= О 
and CH.OH groups. and thus gives L-gulose from D-glucose. The serendipitous element was this: 
had Fischer isolated the 3,6-lactone of p-glucaric acid. it would have given back D-glucose when 
taken through this sequence of reactions. and the last step of the proof would not have been 
possible. 

An intriguing account of Fischer's life and work, including details of the Fischer proof, was 
written by F. W. Lichtenthaler and published in Angewandte Chemie International Edition in 
English, vol. 31. No. 12, pp. 1541-1596 (1992). This journal is available in most chemistry 
libraries. 
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ЇЇ REACTION REVIEW 


1. REACTIONS OF CARBOHYDRATES 
А. BASE-CATALYZED ISOMERIZATION OF CARBOHYDRATES 


1. In base, aldoses and ketoses rapidly equilibrate to mixtures of other aldose and ketoses: this transformation 
is an example of the Lobry de Bruyn-Alberda van Ekenstein reaction. 
a. An aldose can ionize to give a small amount of its enolate ion in base. 
b. Protonation of this enolate ion at onc face gives hack the aldose: protonation at the other face gives an 


epimer. 
HO CHO 
OHC. — .OH 
H OH HO H 
HO -H Ho HO H HsO HO H 
а > я 

H- -OH H-0 H—1— OH HOT I oH 
H OH H OH H OH 
CH40H CHOH CHOH 
n-(*)- glucose enolate ion D- (+) -таппоѕе 


с. The enolate ion can also protonate on the oxygen to give а new enol, called an enediol. which contains а 
hydroxy group at bolh ends of a double bond. 


d. The enediol is simultaneously the enol of two epimeric aldoses and an isomeric ketose. and the enediol 
is transformed into a mixture of these. 


HC О неу HC — OH C HOH 
Он — OH OH =O 
но——н „ , HO H UO am но H _ но „_ HO н 
11 —— OH H Oni Ho H- OH H.0 H on 
H- -OH H- -OH H ia OH H “OH 
CH40H CH40H CH40H CH40H 
enolate ion of 4n enediol D-(4) -fructose 


p-(+)-glucose or b-(+)-mannose 
2. Several transformations of this type are important in metabolism. 
B. ESTER AND ETHER DERIVATIVES О: CARBOHYDRATES 


1. In the presence of concentrated base, carbohydrates are converted into ethers by reactive alkylating agents 
(Williamson ether synthesis). 


HOCH, (у MeOCH, (у 
Hy 
я Mej$04.. Mo ҶҚ 
HO- Умм OH HO MeO-N.— N wwe OMe 
OH OMe 


methyl 2.3.4.6-tetra- O- methyl--glucopyranoside 
2. The alkoxy group at the anomeric carbon differs from other alkoxy groups in the alkylated carbohydrate. 
a. The alkoxy group at the anomeric carbon is part of a glycosidic linkage. 
b. Since it is an acetal, it can be hydrolyzed in aqueous acid under mild conditions; the other alkoxy 
groups are ordinary ethers and do not hydrolyze under these conditions. 
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MeOCH; o MeOCH; 


о 
мо NU \ H,0° - xii e М А 
—— a MeOH 
MeO-N.— N wv OMe H20 Moa N Awon 
OMe OMe 
2.3.4.6-tetra-O-methyl-b-glucopvranoside 
3. The hydroxy groups of carbohydrates can be esterified; the resulting esters can be saponified in base or can 
be removed by transesterification with an alkoxide. 


HOCH, o AcOCH? о HOCH, 


Ho NS \ O10 are \ MeO” НО NM ON 
ноз X Neon pyndine AcO-N — М» Ore MeOH HON “Уон 
OH OAc OH 


4. Ethers and esters are used as protecting groups in reactions involving carbohydrates; furthermore, they have 
broader solubility characteristics and greater volatility than the carbohydrates themselves. 


C. OXIDATION AND REDUCTION REACTIONS OF CARBOHYDRATES 


1. Treatment of an aldose with bromine water oxidizes aldoses to aldonic acids; this reaction is a useful test 
for aldoses. (Carbohydrates that can be oxidized by bromine water are called reducing sugars.) 
a. Aldonic acids exist in acidic solution as five-membered lactones called aldonolactones. 


p o 
CHO CO+H o=c 
H OH H OH H | —OH 
3 
HU H = HO H : P HO = и = 
H0 = | 
n OH Caco, H on H- | -0— 
CH40H CH>OH CH40H 
an aldonic acid an aldolactone 


b. Glycosides are not oxidized by bromine water because the aldehyde carbonyl group is protected as an 
acetal. (Carbohydrates that cannot be oxidized by bromine water are called nonreducing sugars.) 
2. Aldoses can also be oxidized with the Tollens reagent: the alkaline conditions of Tollens test. however. also 
promote the equilibration of ketoses and aldoses. For this reason, ketoses also give a positive Tollens test. 
3. Both ends of an aldose are oxidized to carboxylic acid groups by dilute HNO), but the secondary alcohol 
groups are not affected; the oxidation product is an aldaric acid. 
a. Aldaric acids in acidic solution form lactones. 


о 
HO——H 
H—+— OH 
CHO COH „д 
A H —— 0 
HO н 
HNO, 
: ` OH 
H -0H x 
b о 
CH»,OH CO,H 7 2 
2 2 ^ | n—i—oH F 
H—+— OH \ 
HO OH 
c=0 
J 


b. Two different five-membered lactones are possible from a hexose or pentose, depending on which 
carboxylic acid group undergoes lactonization. 
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c. Under certain conditions, some aldaric acids derived from aldohexoses can be isolated as dilactones, in 
which both carboxylic acid groups are lactonized. (See Eq. 24.39 on text p. 1260.) 
Many carbohydrates contain vicinal glycol units and are oxidized by periodic acid. 


HOCH; E: CH30H HOCH; о. СНОН 
a d H5106 a a 
ч HO 5 . > KH о / 
| X I 
NY as C. c OCH, 
HO v B 


a. a-Hydroxy aldehydes are oxidized to formic acid and another aldehyde with one fewer carbon. (Scc 
Eq. 24.40 on text page 1261.) 
b. Hydroxymethyl ketones are oxidized to formaldehyde and a carboxylic acid. 


0 О О 
| «o | l 
HOCH; — —R —»- CH; * HO—C—R 
a hydroxymethyl 
ketone 
c. Because ib is possible to determine accurately both the amount of periodic acid consumed and the 
amount of formic acid produced. periodic acid oxidation can be used to differentiate between pyranose 
and furanose structures for sacchande derivatives. 


Aldoses and ketoses undergo many of the usual carbonyl reductions, such as catalytic hydrogenation and 
reaction with NaBH,: an aldose is reduced to a primary alcohol called an alditol. 


T 
1HO—34— Н 
a 
H — оН Raney Ni an alditol 
H- OH HOH 
| 
СЄН-ОН 


11. SYNTHESIS OF SUGARS FROM OTHER SUGARS 


А. KILIANI-FISCHER SYNTHESIS; INCREASING THE LENGTH OF THE ALDOSE CHAIN 


Addition of hydrogen cyanide to aldoses gives cyanohydrins; because the cyanohydrin product of such a 

reaction has an additional asymmetric carbon, it is formed as a mixture of two epimers. 

a. These epimers are diastereomers and are typically formed in different amounts. 

b. The mixture of cyanohydrins can be converted by catalytic hydrogenation into a mixture of imines, 
which are not isolated. 

c. The imines would normally hydrogenate to amines, but the acidic aqueous reaction conditions intercept 
them and convert them into aldehydes, which are the aldose products. 

The cyanohydrin formation-reduction sequence converts an aldose into two epimeric aldoses with one 

additional carbon; this process is known as the Kiliani-Fischer synthesis. 


CHO CHO 
CHO HO —1—H H- | - OH 
1) NaCN/H*0 | 
E он ——% H—j—on + H OH 
2) H/Pd/BaSO; 
H on н —— OH H- OH 
| 
СНОН CH40H CHOH 
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B. RUFF DEGRADATION; DECREASING THE LENGTH OF THE ALDOSE CHAIN 


1. In the Ruff degradation, the calcium salt of an aldonic acid is oxidized with hydrogen peroxide in the 


presence of Ее“. 


а. Ап aldose is degraded to another aldose with one less carbon atom. 
b. The stereochemistry of the remaining groups remains the same. 


CHO 
HO H 
H—}— OH 
H OH 
CHOH 
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HO 
1) Br/ HO 
_=—% $e H OH 
2) Ca(OH), 
3) Fe(OAc);/30% НО, MH 
CH4OH 


Бусла 


8 элаз тета Please vel 19 оссе OF 


hà'macy far due edus~loudonm Лен hing 


SOLUTIONS TO PROBLEMS: CHAPTER 24 885 


9 SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


24.1 (a) Мапу Fischer projections are possible for a compound with three asymmetric carbons. The two below 
are related by a 180° rotation in the plane of the page. If yours don't look like these, try to use the 
allowed manipulations of Fischer projections to see whether yours are equivalent. (There are eighteen 
possible correct Fischer projections!) 


HO CO;H HO CH,OH 
HO 
HOCH; OH HO,C 


(b) The following two of the nine possible Fischer projections of (S)-2-butanol are related by a cyclic 
permutation of the ethyl. —OH, and the methyl group. 


OH С-Н; 
С-Н — —CH, чеин 
H H 


24.2 (a) The way to solve a problem of this sort is to manipulate one of the Fischer projections so that two groups 
in one projection are in the same positions as the corresponding groups in the other; then the relationship 
between the two molecules should be clear. Thus, manipulate the projection on the right so that the OH 
groups are in the vertical positions. It then becomes apparent that this structure and the one on the left in 
the problem are enantiomers. 


CH, OH 
two cyclic 
HO. OH permutations „__ COW HOC CH; 
© m lett structure 
HO COH теда CO>H in problem 
CH, OH OH 
enantiomers 
(b) Turning cither projection 180° in the plane of the page establishes that it is identical to the other 
projection. 
24.3 It is relatively simple to determine if a compound is meso using Fisher projections. First. perform a cyclic 


permutation at either end of the Fisher projection (see Rule 4. text p. 1236) to give similar groups at each end, if 
possible, as in C and D below. Then draw an imaginary horizontal line through the center of the Fisher 
projection. If the top half is a mirror image of the bottom half. the compound is meso; if the two halves are not 
mirror images, then the compound is not meso. Compound А has an aldehyde group on top and a primary 
alcohol group on the bottom, so it cannot be a meso compound. Compound # is a meso compound. This 
structure (as well as structure 22) illustrates that the “mirror plane" can go through certain atoms. After a cyclic 
permutation at the top carbon of compound C. the OH group is on the right while the lower carbon has an OH 
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group on the left: compound C is not а meso compound. After cyclic permutations at the top and bottom 
carbons of compound D, all three OH groups are on the same sice: compound D is a meso compound. 


H—|— OH H-—|— OH 
H — [== CH HO —[—H 
H — [= OH HO-—|—H 
CH;OH CH,OH CH,OH 
А 3 С р 


24.4 (a) Use acyclic permutation to transform the given Fischer projection into a standard form in which all of 
the backbone carbons are in а vertical line. This will show that the —OH group on carbon-5 is on the 
right. Thus, this aldose has the D-configuration. 


OH 


OH CH; 


OH on the right: 
therclore D-cantiguration 


(b)  Ananalysis of the carbon-3 configuration of D-glucose shows that carbon-3 has the 5 configuration. 
Consequently, the L-enantiomer of glucose has the A configuration at carbon-3. 


carbon-5 


Remember that the configuration of an asymmetric carbon in a Fischer projection can be 
analyzed directly. To review, see discussion on text pp. 1237-8. 


24.5 Use cyclic permutations to put all of the aldoses in the standard Fischer projection to see the relative locations 
of corresponding groups: 
CH=O CH —O CH=20 


H OH H OH Ha H 


Сноп CHOH € ILOH 
A B C 


Compounds В and С are enantiomers. Compound A is an epimer of B (at carbon-5) and a diastereomer of both 
B and C. (Remember that an epimer is a particular type of diastereomer.) 


24.6 (a) 


70 HO 


A 
Ыл T CH=0 «> => 
HO 
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(b) 


(a) 


(b) 


(c) 


(d) 
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н 
/ 0“ 
=0 <= P =e Р 


CH, CH, 


H,;C—CH— CH;CH; — CH 
HO 


Recognize that a-D-glucopyranose is an anomer of f3-D-glucopyranose, and convert the В-0- 
glucopyranose structures in Study Problem 24.2 on text p. 1245 to a-D-glucopyranose structures by 
inverting the configuration of carbon-1. 


CH30H 
о HOCH, о 
OH HO 
HO 
HO OH OH оң 
OH the more stable chair conformation 


ж -D- ; 
Haworth projection of a-D-glucopyranose 


of a-D-glucopyranose 


Fischer projection 
of a-1)-glucopyranose 
Recognize that D-mannose is epimeric to D-glucose at carbon-2, and thus convert the 8-D-glucopyranose 
structures on text p. 1245 to B-D-mannopyranose structures by inverting the configuration of carbon-2. 


—0 он HOCH; HO 


„О 
^ OH OH Na OH 
| HON 
HO А 
the more stable chair conformation 


Haworth prorction of B-D-mannopyranose 


of §-D-mannopyranose 


Fischer projection 
af 8-0-таппоругапоьс 


Start with the structure of D-xylose in Figure 24.3 (text p. 1240) and perform the usual manipulations. 
An easier solution is to recognize that D-xylose is epimeric to D-ribose at carbon-3. Thus, the structures 
for B-D-ribofuranose in Eq. 24.16 on text p. 1181 can be used if the configuration of carhon-3 is inverted. 


"ж 
/ ` 


HO "1^ H 
HOCH; OH 


HOCH5——7—H 
| * OH 
о E 
\ Haworth projection 


! жеб of B-D-xvlofuranose 
Fischer projection ! . 


of B-D-xylofuranose 


Start with the Fischer projection for D-fructose from text p. 1242. 
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CH.OH 
с==0 
-0 CHOH 
HO H , 
OH/ 
OH 
HO OH 
H OH | 
1 A OH 
CHOH CH,0 — 
Fischer projection Fischer projection Haworth proiection 
ot D-fructose of o-D-tructopyranose of &-D-fructopyranose 
OH CH,OH 
— Я „О ZA N 3 
Ho” N^] N „єнәон «2 fs ff тон 
2 | И NL o 
HO HO 
OH = 


chair conformations 
of a-D-fructopyranose 


(e) Draw the enantiomers of the corresponding structures for a-D-glucopyranose. which are shown on text 
pp. 1245-6 or in the answers to part (a) of this problem. 
OH is on the same side as the oxygen 


at the configurational carbon; 
therefore a 


H HO- a H TEN 
HO —j—H cyclic HO H о 
"EI ay ШИН Км; 
—1—H HO —1—H 
о —j—H Н —1—CH50H 
А Haworth н, 
CH50H 9 of a-L-glucopyranose 
configurational 
carbon Fischer projection 
of a-L-glucopyranose 
OH 
о CH40H 
na) ing rr а ca 
Bie fa AS OR Ё — 1 он 
HO HO 
OH 


more stable chair conformation 
of a-L-glucopyranose 
(f) — Start with the structures of a@-D-glucapyranose in the solution for part (e) and make the bond to the 
anomeric carbon a “squiggly bond.” (For the Fischer projection simply do not show the configuration. 
"Squiggly bonds" are not used in Fischer projections.) 


24.8 (a) Perform the reverse of the analysis in Study Problem 24.2 on text p. 1245 to reveal that this is a-D- 
ribose. But you can also look at Eq. 24.16 on text p. 1247 and sce that the compound given is the a- 
anomer of -D-ribose, which means that it is a-D-ribose. 

(b)  Thisis the B-anomer of a D-hexopyranose that differs from D-glucose in its configuration at carbons 3 
and 4; therefore. it is -D-gulopyranosc. 
(c)  Thisis B-D-arabinose. 
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24.9 The following mechanism begins with the a-anomer protonated on the ring oxygen and ends with the 8- 
апотег. also protonated on the ring oxygen. 


H н н 
NN. o D Lm Со ri TM NW. aa P" 
HO N SEIL HO UC Е HO ke" PDT 
о-у; HO Y HO—\— \ T 
OH f^ OH OH 
он) ‚Оне о 
м U + H—ÓH, 
H H H 
CH4OH CHOH | CH4OH 
H30H (у ы 20H о O+ 
HO—N —- g -\ EA Hox мз Je жыЛ Ме ad 
\ 4807 — он; \ = ms À A 
HO-\— \ it MAN crit) C дуи" 
OH oH | V OH 
H H 
+ OH; (loss of a proton to 


water gives the fJ-anomer! 


24.10 The mechanism for base-catalyzed mutarotation of glucose: 


CH30H o CHOH oe CH30H o 
ER \ p TN — p— N E \ “ч — 3 Nig a- — 
Bo" No N H =”: mo- io ie d \ H =” во Vv H x 
N N^ \ №, \ Eme rdi 
НО № * а T _ HO—\— \ a le НО \ if 
19) “у, Ol 19) 
O—H' “OH o~ О 
U + H—OH 
З= е 2 = P” Ий. ©, HOH » X COOL о 
но _ Low BY NOU Му < HOC NN Lon 
nm N T1 НОУ \ 7| nae x c3 
OB x oH н OR y 
* OH 
24.11 Тһе f-pyranose forms of D-glucose and D-talose are as follows: 
o COH CHOH оң 
CH;OH o »х он, EVE он 
HOC N— NX о | we ха жиле? 
dA ай HO ML ccu “OH 
OH ; ; 
B-D-glucopyranose B.D-talopyrances 


Both chair forms of the B-D-talopyranose molecule have a significantly greater number of | .3-diaxial 
interactions than B-D-glucopyranose. These unfavorable interactions in 8-D-talopyranose raise its energy and 
thus lower the relative amounts of these forms at equilibrium. Hence, talose contains a lower percentage of the 
B-pyranose form (and a lower percentage of the a-pyranose form for the same reason) and a higher percentage 
of the furanose and aldehyde forms at equilibrium. 


24.12 (а) The easiest way to do this is to consider the relationship of b-allose to D-glucose and modify the 
conformational representation of f3-D-glucopyranose (in which all of the ring substituents are equatorial) 
accordingly. Thus. Fig. 24.3 on text p. 1240 shows that D-allose is epimeric to D-glucose at carbon-3. 
Consequently, configurational inversion of the 8-D-glucapyranose structure at carbon-3 gives the desired 
conformational representation of 8-D-allopyranose. 
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CH40H o d CHOH (у 
dun ON P invert C-3, = api 
HO N rs 1 OH — — HO \ = Y OH 
De ү N x 
OH | OH 
B D gtucopyranose но 
B. D allapsranose 


Follow the procedure in Study Problem 24.2 on text p. 1245. Note that in the second and third Fischer 


(b) 
projections the configuration of carbon-5 cannot be represented without violating the Fischer-projection 
conventions. We must remember that this carbon has the А configuration, and this configuration must be 
shown explicitly in the conformational representation. 
CH —oO CH —o / n —.—on 
HO -H HO H | HO—+—H o. 
| HO 
H—l—ÓH  . H—|—on Hio ; | 
" E с А OH 
no H H СНОН —CILON | H—+—CH(OH) —CH30H HO "f >| ay 
i \ 
нон OH \ o | ноен, 9H 
CH«OH К \ A К @-D-idofuranose 
24.13 Each form of the sugar contributes its own optical rotation in proportion to the amount that is present. Let N, = 
the fraction of form і. (The dimensions of the specific rotations are abbreviated simply as degrees.) 
Мош = 52.7° = NOIJ2.0?) + №18.7°) 
Since N, + № = 1. substitute Ng= (1 — Na) and obtain 
52.7° = N,(112.0°) + (1 – N,(18.72) 
N4(112.0? — 18.7°) = 52.7° — 18.7? = 34.0° 
34.0? 
М, = 93.35 ^ 0.36 
М№=1- № = 0.64 
Table 24.1 on text p. 1234 confirms that D-glucopyranose at equilibrium contains 36% of the a-form and 64% 
of the B-form. 
24.44 (а)  D-Galactose would be transformed into the aldohexose that is epimeric at carbon-2, namely, D-talose. 


(See the structures in Fig. 24.3 on text p. 1240.) Also formed would be the ketose D-tagatose, which has 


the following structure: 
CH4OH 


C—O 


HO H 


D-tagatose 
HO — —H 


H————OH 
CH+OH 


(b)  D-Allose would be transformed by base into a mixture of D-altrose (structure in Fig. 24.3 on text p. 1240) 


and the ketose D-psicose. 
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СНОН 

с= о 
H—— ОН 
н —.— 0H 


H—1—oH 


| 
CH3OH 


D-psicose 


24.15 (a) The compound is the f8-p-nitrophenyl glycoside of D-galactopyranose: its name is p-nitrophenyl @-D- 
galactopyranoside. 
(b) This compound is hydrolyzed in aqueous acid to p-nitrophenol and a (mutarotated) mixture of a-and B- 
D-galactopyranose. 


НО сн,он | CHOH g HO. A 
ы, ` . Но? pe * | 
X 07 + H,O —» "ow 
HON e lS D HO potes we OH NO: 
OH “NO, OH 


p-nitrophenol 
a- and B. D-galactopyranose 


24.16 Because naturally occurring glycosides generally have bonds between an alcohol or phenol oxygen and the 
anomeric carbon of a carbohydrate. it is reasonable to propose that the B-D-glycoside of vanillin and glucose 
has the following structure: 

СНО 


р а o—( — CH—O 


24.17 (а) ап with the structure of f3-D-fructofuranose on text p. 1249 and use it to draw the B glycoside of 


methanol. 
HOCH o OCH, 
\ ddl 
d HO 
| methyl B-D-fructofuranoside 
CH,OH 
OH 


(b)  Alkylatc all of the hydroxy groups with benzyl chloride (PhCH.Cl), a very reactive alkyl halide; then 
hydrolyze the benzyl glycoside. (Why is benzyl chloride very reactive? See Sec. 17.4. text p. 850.) 


UE, PhCH3CI. 
HO 7 мон „_ 
BO SL NS Ху OH 
OH 
CH2OCH Ph CH;OCH;Ph 
-— í CU D 
PhCH30 ^N. a N МҮН pe CRN 7 \ 
PhCH3O "Sv OCH3Ph PhCH3O—N L— N — «OH 
OCH3Ph OCH Ph 


2.3.4.6-tetra- O-benzyl-D-glucopyranose 


24.18 The protonation of an oxygen of the acetal group (the glycosidic oxygen in the example below) and loss of an 
alcohol (methanol in the example below) gives a resonance-stabilized carhocation intermediate. A similar 
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mechanism applied to ordinary ethers gives carbocations that are not resonance-stabilized. Hammond's 
postulate implies that the hydrolysis reaction that involves the more stable carbocation intermediate should 
occur morc rapidly. 


CHOCH, CHOCH, i 
о H о 
о оча И CH40- un Y CH,0 TN | 
CH,0 Ti Oh —»| сн, C <—> cuo VEO 
OCH; ‘2 OCH, OCH; 
glycoside protonated a resonance-stabilized carbocation | 


on the C-1 охуреп 


|н 


а 
сн" ы A. 
СН № OH 
OCH, 


24.19 (a) Prepare the |-O-ethy] derivative and use the Williamson synthesis to introduce the methyl groups. 


HO HO CH,0 
NOR : CH;0H (CH4)4SO р снгосну 
20H о EtOH, | 0 322504, 
{№ ON Hcl {7 NaOH S n oi 
M d OM» 
"A HO vv ОЕ! С tou m 
OH OH OCH, 


ethyl 2,3,4.6-tetra-O-methyl- 
L)-galactopyranoside 


(b)  Alkylate all of the hydroxy groups with benzyl chloride (PhCH;CI), a very reactive alkyl halide: then 
hydrolyze the benzyl glycoside. (Why is benzyl chloride very reactive? See Sec. 17.4, text p. 850.) 


CHOH o PhCH,C1. 
Б \ Б "ES 
HO a x UM. X NaOH » 
HON L— N— we oH 
OH 
CH30CH5Ph CH3OCH;Ph 
о D A о 
mE ЧЕНЕ... Н.О, H,0 , pr NO. ЕУ, S 
PhCH,0~ ba -— \ ——— 3 PhCH 30° \ \ \ 
PhCH O-A — NV — vv OCH Ph PhCH40—N — м OH 
OCH Ph OCH4Ph 
2,3,4,6-tetra- O-benzyl-D-glucopyranose 
24.20 (a) (b) Notice that ribitol is a meso compound. 
CH —o 
H OH CH;OH 
HO H H H 
HO H H 
H on H OH 
COM “HOH 
D galacturonic acid ribitol 


24.2] The structures of D-glucaric and L-gularic acids are as follows. Turning either structure 180° in the plane of the 
page shows that the two structures are identical. (This identity was a key element in the Fischer proof of 
glucose stereochemistry, which is discussed in text Sec. 24.10A.) 
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СОН COW 

H OH HO — —H 

HO H HO——1 
Hi 11 H—;—oi 

H OH HO—;—H 

CO4H COH 
D-glucaric acid |. gularic acid 


(derived trom D-glucose) (derived from 1-gulose! 


24.22 (а) The structure of the aldaric acid derived from oxidation of D-galactose, and its 1,4-lactone: 


о 
/ 
CO;H C 
H OH H OH 
коо „0 
HO H HO H о 
он 
HO H о о C 
H OH H OH 4 Xo. Он 
сон COH 
p-galactaric acid D-galactaric acid 
1.4lactone 
(b) Тһе structure of the aldaric acid derived from oxidation of D-mannose, and the structure of its 1.4- 
lactone: 
Ох, 
€ O-H C N 
“ 
HO H HO H 
Ho ü HO H / 
H OH H o^ 
n он H OH 
COH CO;H 
D-mannaric acid D-mannaric acid 1.4-lactone 


24.23 As is the case with carbohydrates, the primary alcohol groups are selectively oxidized by HNO,. 


(a) 
cont 


HO 


trans-3 hydroxvcyclopen 
tane- 1 carboxylic acid 


(b) 
HO.C — CHCH, — CO-H 


succinic acid 
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24.24 


24.25 


24.27 


24.28 


24.29 


24.30 


24.31 
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As Eq. 24.41a on text p. 1261 shows, periodate oxidation of a methyl pyranoside in the D-series gives a product 
containing carbons 1, 2, 4, 5. and 6 of the pyranoside. The secondary alcohols at carbons 2 and 4 are converted 
into aldehyde groups in all cases. In the oxidation products, only the carbons corresponding to carbons ] and 5 
in the pyranoside starting material are asymmetric. Since the configuration of carbon-5 determines whether the 
pyranoside has the D or the L configuration, and the configuration of carbon-1 determines whether the 

pyranoside is a or f. it follows that all methyl a-D-pyranosides give the same oxidation product with periodate. 


" СНОН 5 f CH;OH | 
| HC H | HC OCH; 
H H | 
О осн, О н 
fragment obtained from fragment obtained from 
periodate oxidation of any periodate oxidation of any 
methyl a-D-pyranoside methyl fi-D-pyranaside 


(See the solution to Problem 24.53 on p. 905 of this manual for a more detailed consideration of the structures 
of the periodate oxidation products of carbohydrates.) 


The discussion in the solution to Problem 24.24 (p. 892 of this manual) shows that the fragment obtained from 
oxidation of a B-D-pyranoside is the diastereomer of the fragment obtained from oxidation of an a-D- 
pyranoside. Diastereomers have different properties. Hence, these fragments, which can in principle ће 
identified by their properties. including their optical rotations, can be used to determine whether the original 
pyranoside was a or B. This method works not only for the methyl galactopyranosides, but for al? pyranosides. 
(Periodate oxidation was used to determine the anomeric configurations of many pyranosides before modern 
spectroscopic tools were available, and these results have withstood the scrutiny of modern analytical methods.) 


The aldopentose A is D-ribose, and the aldohexose B is D-allose. The other hexose formed in the Kiliani- 
Fischer synthesis is D-altrose. (See Fig. 24.3 on text page 1240 for the structures of these aldoses. Note also in 
this figure the "Kiliani-Fischer relationships" among the aldoses.) Although D-xylose would also be oxidized 
to an optically inactive aldaric acid. its Kiliani-Fischer products. D-gulose and D-idose, would both be oxidized 
to optically active alduric acids. 


The aldopentose A is D-lyxose, and the aldohexose B is D-galactose. The other hexose C formed in the Kiliani- 
Fischer synthesis is D-talose. (Sce Fig. 24.3 on text page 1240 for the structures of these aldoses.) Although D- 
arabinose would also be oxidized to an optically active aldaric acid. its Kiliani-Fischer products. D-glucose and 
D-mannose, would both be oxidized to optically active aldaric acids. 


Compound À is D-gulose, because it gives the same aldaric acid as L-glucose. The fact that some aldaric acids 
can be derived from two different aldoses is also addressed in the solution to 24.21 in this manual. The same 
point is discussed in Study Guide Link 24.2 on p. 877. In contrast. D-idose is the only aldohexose that can be 
oxidized to its aldaric acid. 


Oxidize both (with dilute nitric acid) to their respective aldaric acids (which in this case are stereoisomeric 
tartaric acids). The compound that gives the optically active tartaric acid is D-threose; the compound that gives 
meso-lartaric acid (which is achiral and therefore optically inactive) is D-erythrose. 


In such a case, the structure of D-(+)-glucose, indeed, the structures of a// D-carbohydrates, would be the 
enantiomers of the structures shown in Fig. 24.3 on text p. 1240. 


(a) Aqueous HC! (1 M) would bring about the hydrolysis of lactobionic acid into one equivalent each of D- 
galactose and D-gluconic acid. which. under the acidic conditions, exists primarily as D- y-gluconolactone 
(structure in Eq. 24.37 on text p. 1259). 

(b)  Dimethyl sulfate in the presence of NaOH methylates all of the hydroxy groups. 


24.32 


24.33 


24.34 
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CH,O CH,0CH, 


D CHOCH; 
07 — 
N а LO Nm CN 
HAN N E 
M S OCH STAU Nw OCH 
ОСН; 
(c)  Hydrolysis of all acetal апа hemiacetal groups (but not the other ethers) takes place. 
CH;O CH,OCH, CH,0CH, 
| о о 
LE AS + HO" ДЕ рч + CH,OH 
СНО F OH CH,0 ~w 
OCH, ОСН; 


Because cellobiose is a dimer of D-glucose, it is hydrolyzed by aqueous acid into two molar equivalents of D- 
glucose. 


The products would be a small amount of 2,3,4,6-tetra-O-methyl-D-glucopyranose (A. from the residue at the 
nonreducing end of the polymer) and mostly 2.3,6-tri-O-methyl-D-glucopyranose (8): 


CH350CH; CH350CH; 
S NL ч Хы о 
HO \— x wes XK, 
a ae OH ера. OH 
OCH, OCH, 
A B 


Solutions to Additional Problems 


Note that carboxylic acids derived from carbohydrates usually exist as lactones, and aldoses exist primarily as 
cyclic hemiacetals. For simplicity they are represented below in their noncyclic forms. 


(a) (b) 


со» NH, CO; NH, No reaction. 
| e | - 
HO —]—H H — —OH 


HO— —nH HO H 
+ 
Lr 


H OH H OH 
H OH н ——OH 
| 
CHOH CH4OH 


Note that in part (a), the basic conditions under which the Tollens reagent is used (aqueous ammonium 
hydroxide) promote the de Bruyn-van Ekenstein rearrangement (see Secs. 24.5 and 24.8A of the text). Thus, 
carbon-2 of D-mannose is epimerized. 
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(c) (d) 
CH—O CH=0 CHOH 
HO H H oH бо 
HO H HO H HO н HO 
T он н on t noi m 
н OH H OH H н " 
CH,OH CH,OH CHOH 
(e) (f) 
CH50Ac 
"6 
AcO 
OCH; AcO OAc 
(g) (h) 
CH—O CH3OCH;Ph 
HO—+—H 
H OH 
H OH 
CH3OH 


Reaction (g) is a Ruff degradation. 


24.35 Note that carboxylic acids derived from carbohydrates usually exist as lactones. and aldoses exist primarily as 
cyclic hemiacctals. For simplicity they are represented below in their noncyclic forms. 


(a) (b) (c) 
CO>H CN CN CH—O CHO 
H H HO—+—H H—+— OH НО Н H—— OH 
H OH H—— OH H—i— OH н——— OH H OH 

* * 
H H+ OH H—+—-OH H OH H—+— OH 
CO;H H OH H—+—-OH H—— OH H OH 
CHOH CH3OH CH,OH CH30H 
(d) 
ae > ee + 
Weer 3 
OH 
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(e) 
„© 20 CH,0CH, OCH, CH;OCH; 
бо XO \ СНО \-—— \ SAIA 5 
\ ^ №. OCH, + x + + 
| OCH, | о | | OCH, 
OCH, OCH, | OCH; | : 
CH; OCH, OCH, OCH, OCH, 
24.36 (a) (b) 
СНОН HO 
" V OH о 
k „0 .— 
cx HO ^ 
HO ee em A — \ 1 | 
ОСН»СН»СН 
ОН aT 
a-D-talopyranose propyl B-L-arabinopyranoside 


Remember that there are several valid ways to draw the chair conformations of pyranoses. 

a> Because the text probably has made you accustomed to seeing B-anomers with equatorial 
groups at carbon-1, you may be thinking that the chair conformation in the solution to part (b) 
shows the a-anomer. However, this is a correct representation of the В-апотег. Whether the 
B-anomer has an equatorial or axial group at the anomeric carbon depends on which chair 
conformation you choose to draw. The following equally valid representations of a different 
chair conformation of the same campound do have the group at the anomeric carbon in an 
equatorial position. 


24.37 (а) Turing this structure aver 180° shows thai it is the noncongruent mirror image of B-N-galactopyranose; 
therefore it is 8-L-galactopyranose. 


OH OH 
нох Mrs. $ о HOCH) СНОН о 
pom wae turn 180° аб E SL b p ёл 
aet < А A 
"4 mda. ар РЗ 
HO OH 
=> * B-L-galactopyranose B-D-galactopyranose 


{v 
enantiomers 

(b) This pyranose is epimeric to 8-D-glucopyranose at carbon-3. Consult Fig. 24.3 on text p. 1240 to 
discover that the aldohexose epimeric to glucose at carbon-3 is allose. Therefore, this compound is 8-D- 
allopyranose. 

(c) First, notice that carbon-5 of this furanose has the R configuration. Since the D-hexoses have the R 
configuration at carbon-5 (the configurational carbon), and since the hemiacetal carbon bears a hydrogen, 
this must be a D-aldohexose. This can be converted into a Fischer projection as follows: 


A E CH —O 
HO H H oH 
H OH | нон 
R, HO—+—H | E» gu —L-og 
H OH 


а. E. CH30H 


This shows that this compound is a form of D-glucose; it is 8-D-glucofuranose. 
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24.38 (a) The D-series of the stereoisomenic 2-ketohexoses are shown below. (There is. of course. an enantiomeric 
L-series.) The problem didn't ask for the names, but they are given as part of our policy of extra value at 
no added cost. 


CHOH CHOH CILOH CHOH 
C0 to с=о бо 
н oH HO. | H H——1.—oH HO. | H 
H OH H OH но н но н 
н Ou н он HOH H OH 
CHOH CH3OH CH30H CHOH 
D-psicose D-fructose D-sorbose D-tagatose 
(b) = An achiral Xetopentose must be a meso compound: 
CH;OH 
H OH 
6—0 
n | on 
CH,OH 


їс) Тһе structure of a-D-galactofuranose is derived from the Fischer projection as follows: 


po LL 
B XR он 
CH30H 
CHOH 
(d) Derivation of the structure of f3- D-idofuranose from the Fischer projection: 
OH 
о 
HO H HO 
HO H 
=> 
H OH C OH 
= ш — 

HO CHOH—CH,OH но" 


/ CH;OH 


Ө; К configuration В-о-ійоѓигапоѕе 


(Haworth projection) 
p-»-idafuranose 
(Fischer projection) 
This is identical to the structure in the solution to Problem 24.12b except for the configuration at the 
anomeric carbon. 


24.39 (a)  Diüastereomers. epimers. and anomers. Remember that epimers and anamers are special types of 
diastereomers. 
(b)  Diastereomers and epimers 
(c) | Enantiomers 
(d) | Constitutional isomers 
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(c) 
(f) 


(a) 
(b) 
(c) 
(d) 
(e) 
(f) 


(g) 
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Constitutional isomers 
The two names describe the same structure. 
HOCH, |, CHOH 
^ HO methy! 2-0 fructofuranoside 
| (2-O- mecibsl a D frictutiranisel 


OCH, 
OH 


L-Sorbose is a hexose. 
L-Sorbosc is a kctohexosc. or hexulosc. 


L-Sorbose is nat a glycoside because it is not involved in acetal formation with an alcohol or a phenol. 


1.-Sorbose is not an aldohexose: it is a ketohexose, as noted in the solution to part (b). 


This is another valid Fischer projection of L-sorbose obtained by a cyclic permutation at сафоп-5. 
This compound is epimeric to L.-sorbose at carbon-5, and thus it is not a form of L-sorbose. In fact. it is 


D-fructose. 


This is the a-furanose form of L-sorbose (a-I.-sorbofuranose). The simplest way to see this is to work 


from the Haworth projection given in the problem to the Fischer projection: 


—_ a CHOH 
/ HO—}— CH,0H / HO—}— CH3OH 5 
| / e 
HO T H c HO —1—H c» "e я 
H —+—OH \ H——0H АЛ 
| B H OH 
H—}—CH,0H ee NET 
No | HO H 
— 0 CHOH 
establishes that CH-OH 
this is an @-Turanose l»sorbose 

(h) This structure is the enantiomer of the structure in part (g), and thus it is not a form of L-sorbose. (It is 
the a-furanose form of D-sorbose.) 

(1) The relationship of this furanose to the one shown in part (р) is best discerned by turning either of the 
structures over 180?. This operation reveals that this structure differs in configuration from the one in 
рап (g) at carbons 3 and 4. Hence, this is not a form of L-sorbose. 

0) This is an aldopyranose and therefore cannot be a form of L-sorbose. (It is 8-D-glucopyranose.) 

(К) This is the a-pyranose form of L-sorbose, a-L-sorbopyranose. As with part (g). the easiest way to see 
this is by working from the chair to the Haworth to the Fischer. 

Si" СНОН 
о HO "'H3OH \ Р 
н HO о OH i o= 
[N 3 HO Н | 
HO FA 0—7 ~ CHOH _. » су HO—+—H 
——7— Lou aci. di OH у 5 
am CH30H / H—+—OH 
| HO LÀ 
OH Di HO ——H 
CH30 
CHOH 
establishes that е 
this is an @-pyranose L-sorbose 

(a) _ Raffinose is a nonreducing sugar because it has no hemiacetal groups: the saccharide residues at both 
ends are involved in acctal linkages. 

(b) Тһе glycoside linkages in raffinose: 
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on | a 1,6) glycoside linkage 
С V 


HO EN 


HOCH; н ~ 01 to B2 glycoside linkage 


OH 


The type of linkage in the furanose residue can be determined systematically by using the Haworth 
projection to form the standard Fischer ee (The glycosidic linkage is indicated as RO—.) 


ie. a B-linkage i Em 
" RO CH30H : 
HOCH, o RO HOH 


S HO 


CHOH dn айе / 
a "Las —н a ЛӘР, ЧЕ 


о configurational с ЭВ 
ма сагроп 7 
(c) | Raffinose is hydrolyzed into equal amounts of D-galactose. D-glucose, and D-fructose. 
(d) Тһе products of methylation followed by hydrolysis are the following: each is a mixture of anomers. 


Bi М о H,COCH> 
Loko 
CH,0- H ne 
C e ua Vo meti ЧИ " CHOCH; 
OCH, OCH, 
Е das 
2,3.4,6-tetra-O- methyl. 2,3,4.-tri- O-methyl- ә 
D-galacitopyranose D-glucopyranose 1,3.4.6-tetra-O-methyl- 


D-fructofuranose 


24.42 The structure of 3-O- -b-glucopyranosyl-a-D-arabinofuranose: 
HOCH; 


€ H,OH OH 
HO* SS №7 \ о A 
HO \ _ да Ж. 3-O-B-D-glucopyranosyl-a-D-arabinofuranose 
гон 


24.43 (а) Tum the chair conformation 180? about a vertical axis іп the page to get the equivalent chair structure 
below. Then convert this to a Fischer projection as shown. These manipulations reveal that. when we 
draw the Fischer projection in standard form (carbon-6 vertical), the oxygen at carbon-5 is on the left. 
Hence. this enantiomer of fucose has the L configuration. 
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CH; XN 
OH ) HO —t—H \ H 
Oo 
pu, 83| Z bN HO l \ H 
/ m A N Bm) => g "m 
(- ~~ _/ at al | OH 
O | 
uo P | н он OH 
OH H cH, / н 
Гу T] 
M " / CH; 


oxygen on left at C- 5; 
therefore t-configuration 
(b) Because the —OH at carhon-1 in this standard representation is on the same side as the oxygen at 
carbon-5. this is by definition the a-anomer. 
(c) XFucose is an aldose, because the hemiacetal carbon bears a hydrogen: thus, in the carbonyl form. there is 
also a hydrogen at carbon- 1. Hence, the carhonyl form must he an aldehyde. 
(d)  AFischer projection of the aldehyde form of L-fucose: 


CH о 
HO — 
H 
H 
на 
CH; 
L-fucose 


Fucose is classified as a deoxy carbohydrate; that is, it has one less —OH group than an 
ordinary aldohexose. (An aldohexose would have an — OH group at carbon-6.) 


24.44 (a) Because the osazones from the two carbohydrates are the same. and given that both are alduhexoses, the 
only stereochemical difference between them—a difference that is obliterated by osazone formation—is 
at carbon-2. Consequently, the two carbohydrates must be epimeric at carbon-2. 

(b)  p-Ribose gives the same osazone as D-arabinose because D-ribose is epimeric to D-arabinose at carbon-2. 


24.45 (а)  Justas the acetal units in carbohydrates undergo /ivdrofysis in water. they also undergo methanolvsis in 
methanol. The result is a mixture of the methyl glycosides along with the by-product phenol. 


СНОН а A CHOH 
ns oo CH,OH, H503 __ өз - 0 + HOP 
HO о HO “OCH; 
OH OH 
pheny! f-D-glucopyranoside methyl D-glucopyranoside 


(mixture of a and f) 
(b Any 3- ог 4-hydroxy aldehyde, like a carbohydrate. will form a cyclic acetal in acidic methanol. 
-O 


Cc E UR 
M - 


we OCH 


(c) Osmium tetroxide forms cís- 1.2-cyclohexanediol; periodic acid cleaves this diol to form the dialdehyde 
1,6-hexanedial, O—CHCH;CH:CH;CH:;CH-—2O.; and this dialdehyde is reduced by sodium borohydride 
to 1.6-hexanediol. HOCH;CH;CH;CH;CH;CH;OH. 


(d) Сусіоһехепе reacts with OsO, to give cís-1.2-cyclohexanediol. which forms a cyclic acetal with acetone. 
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X ain "N >O CH, p 3X м." о CH; 
Ww 7 ы N 
\ —N Уу —? А. 
\ x "| / ‘ x / CH 
/ CH; 7 О 3 
о 
(e) All of the free hydroxy groups in sucrose are methylated. (For the structure of (+)-sucrose see text p. 
1207.) 
CH3OCH; 
N © 


A 


cme ho N 
cho \ —— 
OCH, | 
H,COCH, o 


H,CO) 


CH OCH, 


OCH; 


(f) Ethanolysis of the acetal linkage occurs in cthanol just as hydrolysis occurs in water. An ethyl 
pyranoside is also formed from the glucose residue at the reducing end of lactose. 


HO 


СНОН о CHOH о 
* А но 7 > 
HO. on OEt HO. ` ve ОЕ! 
ОН OH 


tg) This reaction is not unlike the one in part (a), in which one acetal is converted into another in methanol. 
Acid-catalyzed loss of methanol is followed by cyclization to give a mixture of the two methyl 


pyranosides. 
CHOH CHOH H 
к= 0H CH,OH, CI: URP M. OH _ 
\ E Ce e o Y (och; <—= 
Но NC H HON NC 
OH ! oH | H 
OCH; OCH, 
+ СНОН + CI” 
ES 
H HOCH; 
CHOH oi : CH30H (c c CHOH o 
———— a“ Кыч а а +) ~ m a \ 
HO \ ps у -y> НО N; B \ Р" H < HO N _ Мы H 
HO-N — N ~~ HO-N = BON Se Ti Y 
OH OH $ OH $ 
OCH, OCH, ; OCH, 
+ HOCH; + H3OCH; 


(Note that CH;ÓH, СГ, the conjugate acid that results from protonation of the solvent by НСІ, is the 
effective acid catalyst.) 


24.46 (a)  Thisisan isotopically labeled analog of glucose, and is prepared by the Kiliani-Fischer synthesis shown 
in Eqs. 24.44 and 24.45 on text pp. 1262-3, except that radioactive sodium cyanide (Na! CN) is used 
instead of ordinary NaCN. In this synthesis, ''C-b-mannose will be a by-product. 

(b) This compound is prepared in the same way as the compound in (a), except that ordinary (unlabeled) 
NaCN is used. and the reduction is carried out with tritium-enriched hydrogen (^H;). In this synthesis, 
*H-D-mannose will be isolated as a by-product. 
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(c) Тһе synthesis of compound (c) requires removal of an unlabeled carbon from D-arahinose, replacing il 
with a labeled carbon. and then completion of an ordinary Kiliani-Fischer synthesis to give labeled 
mannose. (* = C) 


CH—O € *CH—O CH=0 
Kiliani- Fischer | 
но——н Ruff CH—O synthesis with НО Н  Kiliani-Fissher © HO——H 
Mou om ritmo __ Em synthesis HO H 
Eq. 24.52, 
Н —— OH text p. 1204 п i H H н – TUM 
CH,OH CH,OH CH.OH н——он 
CH,OH 


Each of the last two reactions also gives epimeric sugars—D-ribose and D-glucose. respectively—as by- 
products. 


24.47 The results of the oxidation of A indicate that compound A is not a methyl pyranoside or furanoside, that is, the 
methyl ether is not at carbon: l. The Ruff degradation yields another reducing sugar. This means that the 
methyl ether cannot be ai carbon-2. Only if the ether is at carbon-3 can one of the Kiliani-Fischer products be 
oxidized to an optically inactive (that is. a meso) compound: 


CH —O 
СОН M H—Q н 
H —+—OH Н —}+— OH 
Sa " | Kiliani-Fischer H 
CH30 - 1 b- ЦА НО ———H | synthesis = CHO ^ 
H —TL—0OH H —OH * 
hs H H 
H | —OH * Da Т 
‘Ho CH.OH 
‹ H30H са € HOH CHOH 
В y HNO)» oxidation 
gives a meso ompound 
24.48 (a) 
CH—0 
HO нон | 
+ (Ph3P),RhC] ——— + (PhjPjRh(CO) + Ph,P 
Ho 3P)3 HG H aP)2 ) 1 
H OH H OH 
CHOH CH;OH 
0+4 + )-galactose D-Iyxitol 


(b) D-Galactose. an aldohexose. exists predominantly in the pyranose form. The decarbonylation reaction 
only occurs when D-galactose is in the aldohexose form: the increased temperature (130 °C) is required 
to increase the rate at which the reactions in the pyranose «—*- aldohexose occur. This strategy ensures 
that, once the small amount of the aldehyde form reacts with the organometallic reagent, the aldehyde 
form in the equilibrium is rapidly replenished. 
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CH—0 
H —|— OH HO 
Ра э CH;OH 
H=  * „ OH 
H —1— OH OH 
CH;OH 


p-v-galactopyranosc 


(does not react) 
D-galactose 


(reacts with the 
organometallic reagent) 


(c) In the following mechanism, L = Ph,P (the triphenylphosphino ligand). 
ra -a k " d 

ligand 
4 Nog diano LA ^a 


rhodium (1) rhodium (1) 
al6e complex а 14е complex 


0 
же T n Q ^ 
R—C—H i^—Rh m E. 


ligand VA ua "oxidative 
L Сі association / Cl addition 
L 
1 
CO CO 
RCZ UL R. [A o л 
pem =” ©н — —- R—H + "Wm 
reductive 
H^ ~g milion H | Ci elimination LÁ Nei 
L EM L 
amid. 755 rhodium (1) 
а 16е complex а 16е complex 


By using special ligands and hy altering the reaction conditions, investigators have been able to 
turn this into a catalytic process rather than one that is stoichiometric in rhodium. 


24.19 Since the product of the decarbonylation reaction is optically inactive, compound В must be meso-(2R,35)- 


butane-1,2,3.4-tetraol (erythritol) in which all of the —OH groups are on the right side in the Fisher projection. 
Thus. the aldopentose A is either D-ribose or D-arabinose (see Fig. 24.3, text p. 1240). 
CH —O 
==? (рй CH;OH 
H —|— OH = H OH 
Н —[— OH H OH 
CH;OH CH;OH 
erythritol 


(a meso compound) 
optically inactive 
The products from the Kiliani-Fisher synthesis would then be either D-allose and D-altrose or D-glucose and 
D-mannose (see Fig. 24.3, text p. 1240). Since both of the products from the nitric acid oxidation are optically 
active, that means that D-allose could not be a product from the Kiliani-Fisher synthesis because it would 
produce an optically inactive aldaric acid. Thus, А is D-arabinose, C and D are D-glucose and D-mannose. and E 
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and F are D-glucaric acid and D-mannaric acid. (Sec Eqs. 24.44—45, text рр. 1262-3. for the Kiliani-Fisher 
synthesis using D-arabinose as the starting aldose.) 


сн=0 COH COH 
CH=0 H OH н —|— OH HO—|—H 
HO [= Н CH;OH HO —1—H HO =H HOH 
H—|— OH Н —|— OH Н —f— OH Н —|— OH H |= OH 
Н 09 H OH H—1— OH H—-4m H— OH 
^H,OH CH;OH CH,OH CO;H CO;H 
4 B С D E F 
warabinose ervtliritol D-glucose D-mannose D-glucaric acid — D-mannaric acid 


The extract of mousc spleen evidently contains enzymes that catalyze the removal of a phosphate as well as the 
conversion of ribose into an optically inactive isomer. Ribital and xylitol are the alditols derived from ribose 
and xylose, respectively. and therefore are epimeric at carbon-3. Compound X has one degree of unsaturation, 
and, because reduction gives alcohols that are epimeric at carbon-3. compound X is а 3-ketopentose. The 
structurc for X shown in the following transformation fits the data: 


CH —O CH.OH 
= H О 
- “7 
extract of H -> Н penodic C 
motse spleen ‚и! 
ари 8 ды, с —0 o» did + 23H;0—O 
H ET ‹ 
á H О 
CH OPO] CH4OH 
ribose-5-phosphate compound X 
+ HOPO} 


Compound A is the corresponding oxime (see Table 19.3 on text p. 985), and compound В results from 
acetylation of the hydroxy groups of the oxime. Compound С results from a sodium acctate-promoted B- 
elimination reaction. The conversion of compound C to D-arabinose is the result of a transesterification 
reaction, which removes all acetyl groups as methyl acetate. followed by the reverse of cyanohydrin formation. 


Identity of compaunds A апа B: 


CH— N— OH CH— N— Олс 

| 
H—4]— OH H OAc 
HO H AcO—}— H 

A H 
OH H OAc 

H OH H- OAc 

CH:OH CH,OAc 


The mechanism for the conversion of compound B into compound C: 


"an" 
AO. H.— 4 
о T. 
C=N—OAc CEN 
н——9% — Ж AXO—H + (os 
ROME, apes 


B C 
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The mechanism for the conversion of compound С into D-arabinose: 


C=N с. CSN On О ACEN 
- Ale Il |у 
Ш Om Cm CH; » 11 о ¢ CH; >» CH,O—C—CH, + H *-O > 
E Д A 3 
\ methyl acetate 
У ) vc 9H 1 
OCH; 


H—C=0O + CEN 


D arabinose 


Note that the other acetate groups are removed in transesterification reactions, the mechanisms of which are 
identical to the first two steps of the foregoing mechanism. 


24.52 Compound A is the lactone of the corresponding aldonic acid, and compound В is the amide that results from 
ester (lactone) ammonolysis. Chlorine and NaOH bring about a Hofmann rearrangement of amide B to give C. 
a carbinolamine. which, under the aqueous reaction conditions, breaks down spontaneously to ammonia and an 
aldehyde. (See Eq. 19.60a on text p. 984.) This aldehyde is the aldose that has one fewer carbon atom than the 
starting aldose. (This is illustrated below with D-glucose, but any aldose whose aldonic acid can form a lactone 
would undergo the same chemistry.) 


(a carbinolamine) 


24.53 The product X might be reasonably expected to result from treatment of methyl o-1.-rhamnopyranoside with 
periodic acid. (See the solution to Problem 24.23 on p. 647 of this manual.) 


i с CH; HO O OCH, 
[^ „Ө L ——— OH ГЁ! NJ но, 
а е^ А, == pa - 0 АЕ CH3 — 
\ Мм ОН HO. 1] = 
| OH HO | 
OH OH OH OH 


methyl a-1.-chamnopyranoside 
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n —o OCH, 
Hc CH; y, 
о HC 
II 
о 


The formula of X. C,H О. is short of the formula of actual product A by the elements of Н.О. Nevertheless. 
reduction of this product by NaBH, would give compound С. Evidently. compound A has two —OH groups, 
because methylation introduces two carbon atoms. Compound A results. first. from hydration of one of the 
carbonyl groups of X: an —OH group of the hydrate then reacts with the other carbonyl carbon to give a 
“double hemiacetal" A. The structure of A and its methylation product В are as follows: 

HOO + х «4—22 


A —* OCH, 1—0 OCH, CHI — О. OCH} 
/ { Ag.O е 
ис CH; / ая но-- нс CH, y — —3À» CH,O— HC Cil; j 
O0 —— HC e PCS 
Hó-7 HC— gr 0—Hc. он о—н‹ б 
a hydrate of X A В 


(Compound В is undoubtedly a mixture of stereoisomers.) Because compound А is a hemiacetal, it shows no 
carbonyl absorption. However, it is in equilibrium with a small amount of the dialdehyde X, which is reduced 
by NaBH, to give compound C. The reduction pulls the equilibrium between A and X toward X until all of this 
compound has been reduced. 


The residue at the nonreducing (“left”) end undergocs the following transformation: 


о 
CHOH О I CHOH a | 
M ne TA H«sIO;, НС № x NaBH, 
| eR М ӨЮ » HCO:H + HC — OR » 
Ж | ес... i > 
OH о 
СН;0н o он о 
HOCH ue N ы 10 OCHSCHC OCH.CH + HOR 
HOCH; NOR æ HOCHSCHCHSOH + HOCHSCH + HC 
glycerol hydroxy 
acetaldehyde 
The internal residues undergo the foltowing transformation: 
CHOH o CHOH o 
ron N НО, ч ко VN NaBHy = 
Ao : О Y $e -OR 
но\ ARS OR CH HC— X. 
" ОН о о 
CH30H о 
— - 0 CH OH | 
ко \. ТОЙ. но OH oy 
CHa HG ШЕК = —— 385 » + HOCH.CH + ROH + HOR 
= oF CHOH 
OH но ~ a-hydroxy- 
ervthritol acetaldehyde 


The residue at the reducing ("right") end gives erythritol. R'OH. and two equivalents of formic acid (HCO>H). 
(Demonstrate this for yourself; see Eq. 24.40 on text p. 1261.) Erythritol therefore results from the cleavage 
reactions of all residues except for the one at the nonreducing end: and glycerol results from cleavage of that 
residue. Thus, glycerol is produced from one residue. and erythritol is produced from л — 2 + 1 = л — 1 residues. 
Since n = 12, eleven moles of erythritol per mole of glycerol arc formed. 
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24.55 Тһе hydrolysis of maltose by a-amylase shows that maltose contains two glucose residues connected by an a- 
glycosidic bond. Because maltose is a reducing sugar. a free hemiacetal group must be at carbon-1 of one of the 
glucose units. The 2,3,4,6-tetra-O-methyl-D-glucose must arise from the glucose residue at the nonreducing 
end. The question is which oxygen in the glucose residue at the reducing end is involved in the glycosidic 
linkage: the other product of methylation-hydrolysis provides evidence on this point. Because the oxygens at 
carbons 4 and 5 are not methylated in this product. one of these oxygens is involved in pyranoside or furanoside 
ring formation. and the other is involved in the glycosidic linkage. Two structures satisfy these requirements: 


CHOH o CH30H o 
HO RR \— ES HOY i 
M A E umo 

HO-N 7 e CHOH o оа 7 pes | Cope 
о №27 \ and O— CH 
HO-N —N —w OH 
OH R 
A 


B OH 


Methylation of maltobionic acid occurs under basic conditions; under these conditions any lactone present 
would be saponified. Hence. the additional oxygen that is methylated under these conditions must be the 
oxygen that was within the glycoside ring at the reducing end of maltose. In other words, oxidation and 
saponification expose this oxygen as an —OH group and thus make it available for methylation. Since the 
oxygen at carbon-5 is methylated, it must have been the oxygen within the saccharide ring. Since the oxygen at 
carbon-4 is not methylated, it must have been the oxygen involved in the glycosidic bond. Hence, structure A is 
the correct one for maltose. To summarize the chemistry using the correct structure: 


CH4OH 
ж%, \2 о 
2—4} 
HO \ nm 
HO-N AN A CH4OH (CH3)550,. NaOH 
OH а) » 
о P ERE v 
N 4, 
HO. № \ у. 
ror OH о 
maltobionic acid 
(lactone) 

( CHOCH, 

; 23 "S 
CH3OCH; CONDO XU UN 

"uu 451 CH,O.\\ Мл ОН 
СН;0= iM -— N | OCH; 
CH40-N — NV — OCs н;о* | ce 
bel een = OCH, —— aE 
WAT em, tr OCH у Ы 
3 m ^ 3 CHOCH, 
CH30-N — \ EQ xc OCH 
ОСН; `O EON ТЫ, 3 
. HO ~~ 
__ „Он 
CH,0.\ —N —« 
\ ОСН; `0 


24.56 Тһе hydrolysis of planteose by almond emulsin establishes that an intact sucrose unit is connected to a galactose 
residue by an a-galactosyl glycosidic bond. The question. then, is which oxygen of the sucrose residue is 
involved in the glycosidic linkage to the galactose. Methylation followed by hydrolysis provides the answer. 

(It will be helpful to refer to the structure of sucrose on text p. 1271.) If the fructose residue of sucrose were ло! 
connected to the galactose. it would have four oxygens available for methylation: the oxygens at carbons |, 3, 4, 
and 6. Because the oxygen at carbon-6 is not methylated, it must be the point of attachment of the galactose 
residue. Hence, the structure of planteose is as follows: 
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I 
CHOH o 


D-galactose residue i \ 


он | 


D-glucose residue 


о ae Se, CHOH f 
OH d 
OCH> о CES 
ЕЙТ о` | sucrose "residue" is shaded 
HO | 2 
> D-fructose residue 
| CHOH 
OH Y 
planteose 


24.57 (a) The hydroxy groups of cellulose react with the anhydride to introduce succinate half-esters into the 
cellulose structure, as follows. (In these equations. HO—cellulose means any of the hydroxy groups of 


cellulose.) 
о 9 9 
Ц № О — cellulose А _>\— 0 — cellulose 
к. " ba + HO-—-celllose —3» р 1 | | К " AI » | 4 p 
CH \ CH V \ CH y 
R о R’ о \ R о 
pK, = 4-5 


(b) Sizing introduces a large number of alkyl groups into the cellulose structure. These resist solvation by 
water for the same reasons that hydrocarbons are insoluble in water: they are "hydrophobic" groups. 
Hence, these groups tend to resist the incorporation of solvent water into the cellulose structure. 
Furthermore, many of the —OH groups in the cellulose, which are hydrogen-bond donors before the 
reaction. become ester oxygens as a result of the reaction and therefore can no longer donate hydrogen 
bonds. 

(c) As thc rcaction in thc solution to part (2) shows. the carboxylic acid groups introduced by thc rcaction arc 
ionized by the pH 7 treatment because their pK, values are well below the pH of the solution. When the 
paper is dried. these groups are left in their ionized state (with an appropriate counter-ion). The 
carboxylate groups are the slightly basic groups. 

For example. when they comce into contact with water, they react with water to produce a small 
amount of hydroxide ion: 


О О 
ll | d 
K—G-—O + MO a. R—G—ON + OH 


You can use the pK, value for the carboxylic acid and the ion-product constant of water to calculate that 
the pH of an aqueous solution of a carboxylic acid salt should have a pH of around 9. Hence. when the 

"sized" paper comes into contact with acid, the acid is neutralized by the small amount of hydroxide ion 
present. So many carhoxylate groups are present that the hydroxide ion is immediately replenished. by 

Le Chatelier’s principle. 


24.58 The reaction of an amine with an aldose gives a carbinolamine. which dehydrates to an iminium ian А. This ion 


is trapped by the hydroxy group at carbon-5 to give an aminoglycoside. which is shown as its conjugate acid B. 
(The p-methyiphenyl group of the amine is abbreviated К.) 
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СНОН ae CHOH Н 
M OH es NC V^ он + R Proton 


—T— . ` RR A NH y 
HO \ = Ў HN —R — ee Nm transfer 
2° \ ^— » 
=O <_< р oO = 
HO Р $ rT 4 an amine HO-N —^N 
OH V OH 
H J= H 
aldehyde form of D-glucose \ f-CM3 = -R 
CH30H M CHOH 
oH —R "Н —OH QUÉ е. ый 
НО = = A m P A = HO -N \ NH + LE 
HO. ve ANC T -OH p < HO NL N - + » ОН» 
OH | = он | MJ 
H 
а carbinolamine 
H 
CH,OH 
- CHOH 4^ 
OH „ПОРЕ. } 2 о proton 
HO = ае Әб C Снн HO р \ transfer 
HO\ —N = DAAA NH RR = 
OH H OH 


CH30H 
ОН) н 
HO—\ | 
BO Xo Cs NECS 
OH 
в 


ап aminoglycoside 
(amino-protonated torm) 


This reaction is called the Maillard reaction. From here on. only the part of D-glucose that is involved in the 
reaction is shown explicitly. The iminium ion А (which, by resonance. is also a carbocation) isomerizes to an 


enamine C, which is also an enol. Acid-catalyzed formation of the isomeric ketone completes the reaction. 
This isomerization is called the Amadori rearrangement. 


ТӨН» z 
(X / А f 
CH —NHR / CH —NHR H,0 —H fi CH —NHR 
+ > x | ар) 
H—+—OH <> HoH E C *- 0H ——»- 
— ym = ny 
a resonance-stabilized 
carbocation 

СН. — NHR СН» —NHR 
C—Ó—H«—-0H; ——» C=O + н—Он» 


This reaction is similar to the Lobry de Bruyn—Alberda van Ekenstein rearrangement (text pp. 1251-2), except 
that imine and enamine intermediates are involved rather than aldehyde and enol intermediates. The driving 
force for the rearrangement is that the C—N double bond is lost and a stronger C=O double bond is formed. 


24.59 This transformation is essentially a Lobry de Bruyn-Alberda van Ekenstein reaction, the detailed mechanism of 
which is shown in Eqs. 24.23-24.24b on text p. 1252. The aldehyde form of D-glucosamine is in equilibrium 
with a small amount of its enol A. This enol is also an enamine. which is in equilibrium with an imine B. 
Because imine formation is reversible in aqueous acid and base, the imine hydrolyzes to give the corresponding 
ketose. D-fructose, along with the by-product ammonia. Under the basic conditions, D-fructose is also in 
equilibrium with D-glucose and D-mannose, as shown on text p. 1251. 
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CH—Ó 


А „ 
HO ——H- 


NH} 


— 


aldchyde torm 
of D-glucosamine 


СН —OH 
БТ 
С NH 
IW 


= 


24.60 (а) 


CH—O 
ll 


LE C—NH 


( Y 
/^H — OH 
CH — oH 


> C—NH 


у [ 4 
H — OH 
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CH= Ol CH, — OH 


+ NH, 


imine 
hvdrolvsis 


| 
>с + C—NH со 


Bn D-fructose 


The acidic hydrogen is the one that ionizes to give a conjugate-base anion in which the negative charge is 


delocalized into the carbonyl group. This anion is stabilized by the electron-withdrawing polar effects of 
nearby oxygens and by the same type of resonance interactions that are present in a carboxylate ion. Con- 
sequently, ascorbic acid is about as acidic as a carboxylic acid. 


go Н 
“ы 


e 
H 30 + \ 


HO 
> 


<8 CH,OH 


OH 


acidic hydrogen 


(b) 


H 
` (€ "id 


be, 


HO 


“2 о 
X 7 <> 
A 
о 
+ 
+ Но 


The reaction sequence with the missing structures added begins with compound A. The fact that carbon- 


2 of L-sorbitol (or cardon-5 of p-glucitol) becomes the acetal carbon as а result of the reaction labeled 


“C in the problem shows that the 


OH group on this carbon is the one that is oxidized; this carbon is 


therefore at the ketone level of oxidation. KMnO, oxidizes the —CH,OH group to a carboxylate; 
because the other —OH groups are protected as acctals, they are stable under the basic conditions of 
permanganate oxidation. Hydrolysis of the oxidation product in acid removes the acetal protecting 
groups. protonates the carboxylate group, and promotes lactone formation. 

Can you think of one or more reasons why ascorbic acid should exist as an enediol rather than as an 
a-keto lactone? (See Sec. 22.2. and the discussion of carbonyl dipoles on text p. 919.) 


CHOH 


biological 


CHOH 


D-glucitol 
(L-sorbitol) 


oxidation 
—— ——_ — — 


1CH3OH 
OH 


gms n Ebo o 


1 


CHOH = 
/ Ho~ 


H,0*. 
(CH)9C— O 
‹ 
(acetal 
formation) 


о=с — СНОН 


CHOH 
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Ке 
j | о 1—CO»5 
ніс“ О H H30*, НО 
; ———-» 
H — CH (lactone 
N * formation) 
-0O H 
CH,0 CH; 
о о 
Wd Il 
C—C є HO —C —C E; 
HO H | enolization HO—C —H y 
H о H = 
HO —+—H HO —.—H 
CHOH CHO 
+ 2 (СНС =O L-ascorbic acid 


24.61 (а) The anhydro form of D-idose has the following chair conformation: 


СНз о 


HO A Uu 1,6-anhydro-D-idopyranose 
y -OH 


HO 

(b) The issue is the relative stabilities of the anhydro and ordinary pyranose forms of D-idose and D-glucose. 
In the chair conformation of 1.6-anhydro-D-glucopyranose. all of the hydroxy groups are axial. The 
many resulting 1.3-diaxial interactions destabilize this form of glucose. [n the more stable chair form of 
D-gluco-pyranose, in contrast, all of the hydroxy groups are cquatorial. Thus, the pyranose form of D- 
glucose is much more stable than the 1,6-anhydro form. and D-glucosc cxists primarily as an ordinary 
pyranose. In 1,6-anhydro-D-idopyranose, all of the hydroxy groups are equatorial. In the more stable of 
the chair conformations of the ordinary pyranose form of D-idose. the —CH.OH group is forced into an 
axial position. Formation of the ether bond between carbons | and 6 relieves one set of 1.3-diaxial 
interactions in this form of p-idose. Thus. the 1.6-anhydro form of p-idose is more stable than the 
pyranose form. and therefore D-idose exists mostly in the 1,6-anhydro form. 


CHOH OH CH, —o 
CHOH o _OH AR 
HO peer M ‚ж — -H30 ^70 —7 
NA ee «== LO / x LT, 
OH | | 
О О | 
B-D-glucopyranose B 9 OH 
1,6-anhydro-D-glucopyranose 
1,3-diaxial 
interaction 
CH30H OH СН — o9 
-H,O SSY 
HO о 1› » HO о 
OH OH 
HO HO 
B-1)-idopyranose 1,6-anhydro-D-idopyranose 
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24.62 


(а) 


(b) 
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The resonance at à 5.24 is from the a-anomer, and the resonance at 6 4.66 is from the B-anomer. We 
know this from the coupling constants. The Karplus curve indicates that the protons that have a dihedral 
angle of 180° (the СІ and C2 protons of the f3-anomer) should have the larger coupling constant. 

The integral of the -anomer is 66.3% of the total, and the integral of the a-anomer is 34.7% of the total. 
These are the percentages of the two anomers. (See Table 24.1 of the text; compare this with the 
percentages of the two pyranose anomers of glucose.) 
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The Chemistry of Thioesters, 
Phosphate Esters, and 
Phosphate Anhydrides 


FURTHER EXPLORATIONS 


D 25.1 Pentacovalent Intermediates in Phosphate Ester Hydrolysis 


The evidence for pentacovalent intermediates in phosphate ester hydrolysis hinges on three key 

points: 

1. Compounds of pentacovalent phosphorus contain two types of bonds. called apical (or axial) 
bonds. and equatorial bonds. The apical bonds are somewhat longer: they have a bond angle 
of 180° with cach other, and a bond angle of 90° with the equatorial bonds. The equatorial 


bonds have bond angles of 120? with each other and define a plane that contains the phos- 
phorus at the center. 


A 
~ 


E 
E "x 
А 


$ 


(The grey triangle indicates the plane of the equatorial bonds.) 


2. |n pentacovalent compounds derived from phosphate esters in which the phosphorus is part of 
а five-membered ring. one O—P ring bond must be apical and the other must be axial. The 


915 
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No pari of th« man 


reason is that the preferred O—P—O bond angle is close to 90°. 


(1 OH О 
"A о RO | [" 


3 Pd 
Oo“ RO= 
| “ов | =O | “он 
OH OH О 

preferred geometry strained too strained 10 exist 
O—P—O angle = 90° O—P—O angle = 120° O—P—O angle = 180° 
(the nng bridges apical (the nng bridges {the nng bridges 
and equatorial positions) two equalorial positions) twa axial positions) 


If the ring bridges two equatorial positions. the O—P—O angle is 120° and the ring is 
strained. A molecule in which the ring bridges two apical positions has impossibly long bond 
lengths and is too strained to exist. 


3. Leaving groups depart from apical positions. Because. in the reverse reaction, the roles of 
nucleophiles and leaving groups are reversed. nucleophiles must also enter from apical 


positions. 
C] CT 
OCH; 
y ОС ТРЕЕ. _ ka #7 
7%" | o 
"j Nuc 


Thus. when а nucleophile reacts at the Р==О bond in a tetrahedral phosphate ester, it reacts 
with phosphorus along a path that is approximately perpendicular to the P—O bond. and the 
new bond to the nucleophile is apical in the pentacovalent intermediate. The bond to the 
leaving group is also apical so that the leaving group depans from the pentacovalent 
intermediate along a path that is also perpendicular to the P—2O bond that is formed. This 
situation is much the same as in carbonyl chemistry (text Fig. 21.6). and it is the result of the 
positioning of the antibonding molecular orbitals that serve as the destination for the 
nucleophile electrons or departure point for the leaving-group electrons. 


Now we're ready to examine the evidence for pentacovalent intermediates. When ethylene 
methyl phosphate reacts with water at pH 5.5. two products are formed corresponding to loss of 
the two possible leaving groups: 


/ OH 
ЊО + W- S == 3 0 SO + HOCH; + ЊО 
ethylene methyl phosphate М = B 
A з 
(70% of product) (30% of product) 


Let's consider the possibility of a pentacovalent intermediate. The first pentacovalent intermediate 
has to be the following, from points 2 and 3: 
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i Ф. "dio 
о Jor m> © gor = 8 P eli 
T 


“Sou | "o- 


H20: HO: HO: 
РІ Р2 P3 


where the three forms of the intermediate P/, P2, and P3 differ only in the position of a proton. 
Because one bond to a ring oxygen is apical, that oxygen can become a leaving group. This 
accounts for the “70% product.” 


dai er OH p 
С) оон, о „ООН; OCH; 


A — peso: _2Н55,_ ee 
„Се m a 
A 
P3 (70% of product) 


Although this result is consistent with a pentacovalent intermediate. it could also occur in a 
concerted manner. with proton transfers occurring before. during. or after the substitution. 

It is the “30% product” B that is the key to the argument for pentacovalent intermediates. For 
the ОСН; group to be the leaving group, it must occupy ап apical position in a pentacovalent 
intermediate. However, one apical position is occupied by the nucleophile and the other by a P—O 
ring bond. For the OCH; group to become apical. the molecule undergoes a very subtle internal 
reorganization called a pseudorotation. In a pseudorotation, two of the equatorial bonds lengthen. 
their bond angle to phosphorus opens to 180^, and they become apical: these would have to be the 
bond to the OCH; group (because it is to become the leaving group) and the formerly equatorial 
P—O ring bord: and two of the apical bonds shorten. their bond angles close to 120°. and they 
become equatorial: these would have to be formerly apical P—O ring bond. and the bond to the 
nucleophilic oxygen. The P—O bond (which was a P—2O bond in the starting ester) remains 
equatorial; this bond is termed the pivor bond. Pseudorotation on P2 gives P4, which, after proton 
transfers to form P4 5, loses apical methanol to give product В. 


3 б> тии 
eq dp 
“ OH A077 OH о" g: 
«l^ por P HO pivot HO E 
HO «4 “ eq 
= Р2' Р4 
? 
j О “о 
рн 5.5 
ее hs yo 


Here is the logic: there can't be a pseudorotation if there isn't an actual ретасотаіет 
intermediate that lasts long enough for pseudorotation to take place. Therefore, it seems that 
hydrolysis of this cyclic ester must involve a pentacovalent intermediate. Presumably the products 
A and B arise from two different pentacovalent intermediates (P2 and Р2 ^ that are related by a 
pseudorotation. 
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lt is interesting that saponification of ethylene methyl phosphate in base COH) gives only product 
A. Therefore. there is no direct evidence for pentacovalent intermediates under these conditions. 


UU REACTION REVIEW 


I. REACTIONS OF THIOESTERS WITH NUCLEOPHILES 


A. HYDROLYSIS OF THIOESTERS 


1. Thioesters undergo saponification like esters. 


| | | 
R бак + OH —> R 4н + Sk —> в—6—0- + HSR 
pK, 7 4.76 pK, = 10.5 


B. REACTIONS OF THIOESTERS WITH OTHER NUCLEOPHILES 


1. Thioesters. like esters, can react with other f den in acyl substitution reactions. 


| ^ 
! = L 
P i 4 = = E + SR 
"SR' К” "Nuc 
addition tetrahedral 
addition 
intermediate 


2. Thioesters can also be reduced to alcohols and thiols with standard laboratory reducing agents (NaBH, and 
LiAIH,) and biological reducing agents like NADPH. 


о uw, UM 9 дно 
H40*. H 
А. v AS a А. pi UL R— CH;— OH 
R R' R R' R 

= A 
tetrahedral felhminaton! aldehyde alcohol and thiol 
addition intermediate rs АГ 

intermediate (not isolated) E ч 

+ ц se OO, р.н 


Il. REACTIONS OF PHOSPHATE ESTERS 


A. HYOROLYSIS OF PHOSPHATE ESTERS 
1. Phosphate triesters can react with a nucleophile (such as hydroxide) at carbon, cleaving the C—O bond. in a 
reaction analogous to the Sy2 reaction of sulfonate esters (see Sec. 10.4A ). 


HÖ: ~ О C—O cleavage 


A | | 
сн,Сн;—0— es ОЕ —— CH;CH,—OH + :0—P—OEt 
Oct Et 
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Phosphate triesters can also react with nucleophiles at phosphorous. 


PO fees | 
pon бы NE" КАР CEN 
Bu TE + :OEt а 97 —OEt + HOEt 
oe OEt OEt 


a. Two mechanisms are possible, and either is acceptable. 
i. An addition-elimination reaction mechanism, analogous to carboxylate ester saponification, is one 


mode of hydrolysis. This mechanism proceeds through a pentacovalent intermediate 


07) :63 О 
Tue ut Gr / ; 
НО: 5р — ОЕ — НО —Р —— ОЕ! НОР c + ME 
ЕЮ” | /\ | “ОЕ! 
он ЕО Он ОЕ! 


pentacovalent (ionizes to give 
intermediate the product) 


ii. А concerted reaction mechanism, analogous to an S42 reaction, is another mode of hydrolysis. This 


mechanism proceeds through a pentacovalent transition state. 


& qt 
о 102 
у, S b Xx ә E. 
HO: >P+OEt ——= |HO — P-—--Ott BO Pg + E 
E0” | /\ | “ОЕ! 
Cel |, BO oR . ОЕ! 
transition state (ionizes to give 
the product) 


Phosphate diesters and monoesters can also be hydrolyzed, but at a much slower rate than triesters due to 


3. 
the nearby repulsive negative charges (see Eq. 25.15. text p. 1298). 


IIl. REACTIONS OF PHOSPHATE ANHYDRIDES 


A. HYDROLYSIS 
1. Phosphate anhydrides. such as adenosine triphosphate (ATP). can be hydrolyzed at either the a-, f7-. or y- 


phosphorus (see Sec. 25.7A). 


B. RLACIIONS OF ACYL PHOSPHAILS WIIH NUCLLOPHILLS 
1. Acyl phosphates, like other carboxylic acid derivatives, react with nucleophiles in addition-elimination 


reactions. 
О о о 
| | 


^-^ ^m s -A R Nue +0 ed 


vA 
:Nuc wf 

(7H phosphate 
C. REACTION AT CARBON 


1. Alkyl pyrophosphates can also react with nucleophiles at carbon, generating a pyrophosphate leaving 
group. Depending on the structure, these reactions can proceed through either an 542 or Sy] mechanism 


A^ 0 О 
H20 + сњ 00010 — —— x К — СН, — Nuc + °—р—о—#—он + ОН 
bod à o 


Nuc: 
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К SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


25.1 (а) (b) (c) 
о О о 
| | ки | 


cyclohexyl thiobenzoate сусіобсху! thiobenzoate &-phenyl cyclohexanecarbothioate 


25:2 Allyl butanethioate (common) and S-2-propenyl butanethioate (IUPAC) 


25:3 To solve this problem, review the discussion on text p. 107, and utilize Eqs. 3.31a-b. There are two protons that 
can dissociate from methyl phosphate. and so there are three forms: the un-ionized form (charge = 0), the mono- 
anion form (charge = - 1) and the di-anion form (charge = -2). Consider each proton's pX,, one at a time. The 
most acidic proton has a pK, of 2.3. Statement 3 on p. 107 says that when the pK, is much lower than the pH. 
than we can treat that proton as effectively being 100% dissociated from the acid. Therefore. there is essentially 
none of the neutral form of methyl phosphate at pH = 7.4; it’s either all mono-anion. all di-anion, or a mixture. 


Next, consider the second proton, with a pK, = 6.7. Statement 3 tells us that since this pK, is less than the pH. 
it's going to be partly dissociated. If the pK, was | unit less than the pH. it would he 90% dissociated, and if the 
pK, was equal to the pH, it would be 0% dissociated. The difference. Д, is equal to 0.7, so the ratio of the -2 
form to the -I form must be somewhere between 0 -90%, but probably closer to 90%. To calculate the amount 
of the di-anion (the —2 form) exactly. use Eq. 3.31a. Solving tor fa (in this case. fa = the fraction of di-anion 
relative to mono-ion) gives 0.83. or 83%. The rest (17%) must be the mono-anion (you can check your work by 


using Eq. 3.31b and solving for fan). 


So, at this pH. there is approximately 83% of the di-anionic. 17% of the mono-anionic, and none of the neutral 


form of methyl phosphatc. 


25.4 
o 
| 
c0" 
SS 
ен 
25.5 


phosphate anhydride NH; 


thioester 
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25.10 


25.11 
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If the oxygen were sp?-hybridized. then the C—O—P bond angle would be closer to 109.5°. It is closer to 120°. 
which is the ideal bond angle for sp^-hybridized atoms. The significant positive charge on phosphorus in one 
resonance structure suggests that another important resonance structure would have the oxygen bearing the 
positive charge. and in this configuration, it is sp^-hybridized. 


с: б: :0: 
> T + >» EA -> "Pa, s 
“АҢ, C07 “фен, кеду i 
CHO CHO CHO 


Other resonance structures exist with positive charges on the other oxygens as well. 


Despite the central phosphonis heing tetrahedral with four different groups attached. it cannot be isolated as 
optically active because this phosphate ester is actually a mixture of enantiomers in equilibrium. The proton can 
he associated with cither of the two oxygens. shown helow. 


Cý : 0: ‘OH 

м 

HO~ Роснусн, TT нд ү OCH;CH; AES yr "—осн,сн, 
| OCH, OCH) OCH, 


| enantiomers 


The CH, proton signal would be split into five lines, or a quintet, by the n + 1 rule: three hydrogens on the 
adjacent carbon and one phesphorous on the adjacent oxygen. 


(a) 


| ў 
TUM. —SEt + H,NEt ==> CH,CH;C— NHEt + HSEt 
(b) Under acidic conditions. the amine is protonated. H ;N*Et. and no longer nucleophilic. There is no lone 
electron pair available. therefore. the reaction in part (a) cannot take place. 


Despite the central phosphorus being tetrahedral with four different groups attached, it cannot be isolated as 
optically active because this phosphate ester is actually a mixture of enantiomers in equilibrium. The proton can 
be associated with either of the two oxygens, shown below. 


H H ‘OH 


+/ Prd 
(CH) CH... (CH) Hi k- 
(pian }- үс шансы К „5, 
м 


— 
В “Н 
mevalonate 

H о H о 

Ё. NH; `$ NH, 
Ce % 

М М 

k NADPH 1. NADP* 


(a) As noted on text p. 1302. there are only three isotopes of oxygen: 'O, "O, and '"O. This fact makes 
studying the stereochemistry of the reaction in Eq. 25.21 on text p. 1302 impossible when the 
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nucleophile is water (in this case, water labeled with O). The product would contain two 120 atoms. 
and with the proton free to associate with any of the oxygens. regardless of the isotope present, the 
phosphorus would only contain three different attached groups. and would thus be achiral. 


180 
18 16 
"PX о но но о ? | 
17, T —S 7 А =, 

9 HO opo? * , HO ОРО: ? "077 "он к EL 

HO HO H E 

f 
| achrial | 


Sulfur effectively gives us a "fourth" isotope of oxygen. assuming [as stated in part (b)] that it doesn't 
change the overall mechanism of the reaction. With four “oxygens” (S. О. VO, and '*O), and thus four 
different groups attached to the tetrahedral phosphorous in the product. we can probe the stereochemistry 
of the reaction mechanism by comparing the R/S configuration of the starting material and of the product. 
This experiment is explored in part (b). 

(b) The mechanism of FIGBP is descrihed in Fig 25.5, text p. 1302. Assuming inversion of configuration, 
the product of the reaction and its stereochemistry is shown below. 


= S HO О 
"577 0 0 т F168P | » sh a 
160) ао 2- + HUO ————— LT + HO OPO; 
- О 17, a 18 
с ш adi e но їн 


25.12 This mechanism utilizes a double inversion. 
о 


н yo lo He yo 


o~ protein tyrosine 
phosphatase _ =e 


[кен ло coo 
* 
ae е ta HO ——> ч —CH,S Ho s же: 
С==0 lon ge o` 
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Геза о о 


1 В | 
C — CH;SH BOW on — HOF 0" + BH 


H^ _ 
„С=0 М о 
25.13 (а) Thc glutamic acid residuc provides the Бахс (7) to deprotonate a water molecule, making hydroxide, 


which is more nucleophilic. The various magnesium ions (2) stabilize the negative charges that develop 
as a result of the reaction. as discussed in Eq. 25.23 and the accompanying text on p. 1305. The arginine 
and tyrosine residues provide hydrogen bonds (3) to the oxygens of the leaving group, stabilizing the ion. 
In total. all features in the active site of the enzyme serve to speed up the reaction by both minimizing or 
enhancing charges where needed, and aligning reactants. 

(b) From the reaction mechanism shown. inversion at the phosphorous would be observed. 


25.14 (a) First, the fatty acid is adenylated by АТР, as shown in Eq. 25.25c on text p. 1308. 


о 

—0 О. „adenine "T О. „adenine О О 
NY teo — 4- Хув + HO—P—o—P—o- 

/ pa 

ATP psrophosphatc 


Next, the fatty acyl adenylate reacts with the thiol group of coenzyme A, followed by a proion transfer 
step. to produce а fatty асу] coenzyme A. 


eg" о 
12 J О 
—O—P—O О. „adenine proton | Р 
(base) transfer о HO—P—O о адепіпе 
x ' + СоА-5Н — — l + | (base) 
R—C—S—CoA 0- 


VY 
HO by no’ bu 


AMP 
(b) As described by Eq. 25.23-24 and the accompanying text on p. 1305-6, after pyrophosphate is generated 
in a reaction. inorganic phosphatase catalyzes its hydrolysis to yield two equivalents of phosphate. This 
reaction is necessary lo prevent the reverse of the reaction shown in the second step described in part (a), 
and to drive the reaction forward. 


a fatty acyl-CoA 


25.15 (a) First, the fatty acid is adenylated by ATP, as shown in Eq. 25.25c on text p. 1308. 
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О О о 


ноо о 06 qf "HB 
|. i L DET 4 ox Forsan 
ATP HO OH H 2 


methionine 
HC p O. ,adenine ° О О 
| но о-оо 
HN / 1 ) | 
g ‘co; HO H : - oO 
$-adenosyimethionine (SAM) triphosphate 


(b) Since triphosphate is a leaving group that is highly negatively charged, the magnesium ions likely 
neutralize these charges as the $ 2 reaction is taking place. 


О 
ю—р—о—#—о— А: 5 


| 
ge 202: e 


25.16 (a) 


(b) Examine the structure of sucrose, and imagine breaking the glycosidic bond, forming the individual 
monosaccharide pieces. 


HOCH; HOCH; 
fe 
HO о : аск. 
HO HO + 
он | OH ^H 
HOCH) 4 О > А 
CH;OH HO 
CHOH 
OH He 
OH 


From this analysis, it appears that the fructose moiety must approach from the axial orientation relative to 
the glucose. In order to do so, the reaction mechanism must proceed through an Sy1 mechanism because 
the leaving group currently occupies the axial position. The carbocation is stabilized by resonance with 
the adjacent oxygen. 
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HO bu HO bu 


Fructose can then act as a nucleophile as shown below. forming an a-glycosidic bond with glucose. 
Deprotonation yiclds sucrose and UDP. 


i 
és єн 9 HOCH, 5 0 
o cM Ho 
HO OH HO H о о | oT 
sucrose 
y PES оү | | P PEU e: 
OH HOCH; +O—H Oo—P—O—P—O О N UDP 
HOCH e о Е i 
HO HO 9 ы / 
CH,OH Ho 
CH,OH 
" OH 


(c) These positively-charged residues likely stahilize the negatively-charged UDP leaving group. 


25.17 (а) То solve this problem, use a method similar to the one given by Eq. 25.36 on text p. 1316. The problem 
gives values for the AG™ of hydrolysis of acetylcholine and acetyl-CoA. You want to find AG” for the 
conversion of choline and acetyl-CoA to acetylcholine and HS-CoA. Since the two given reactions need 
to sum to thc reaction under inspection, reverse the reaction for hydrolysis of acetylcholine. and flip the 
sign of AG” for that reaction. Canceling the reactants on either side of the equilibrium gives the reaction 
for the synthesis of acetylcholine. Summing the AG” values gives —6.3 kJ mol-! for the overall reaction. 


acetyl CoA + HO == CHO; + HSCoA + H* AG --314kJ mot! 
CH,CO; + choline + H* -> acetylcholine + H,O AG*' = +25.1 kJ тог! 
acetyl CoA + choline аэ  acetylcholine + HSCoA AG*' = -63 kJ mor! 


(b) First. consider how Figs. 25.8 and 25.9 on text pp. 1316-7 were derived. See the solution depicted in Fig. 
SG25.1 on the next page. 
(c) | If AG" = -2.3RT log Кш, and assuming a temperature of 37 °C, Кш = 11.5. 
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о 
[ Ii 
HC —Ĉ—SCoA +H,0 pn ТЕ H4C— C — SCoA + H;O + HOCH;CH;N'Me; 


acctvl coenzyme А acetyl coenzyme А choline 


G*' for nlcoholysis - : 
of acetyl CoA formation of acetylcholine from 


acetyl CoA is energetically favorable 
T О 
AG” for hydrolysis TUS DECR em + HSCoA 


of acetyl CoA acetylcholine coenzyme A 
AG?' for hydrolysis +H,0 


of ethyl acetate 


formation of acetylcholine 
——— from choline and acetate 
fe] 15 energeucally unfavorable 
gi | ' 
з Hc—6—0 * HSCoA 


acetate ion coenzyme A 


+H’ 


Figure SG25.1 A free-energy diagram to accompany the solution to problem 25.17(b) 


(a)  Useatechnique similar ta that shown in the solution to 25.17(a). It is given that phosphocreatine + ADP 
gives creatine + ATP. and 12.5 kJ mol ! of energy is given off. As shown in Eq. 25.36 on text p 1316. 
ATP + water gives ADP + phosphate, and 30.5 kJ mol ! of energy is given off. Summing these two 
equations and cancelling. gives the equation phosphocreatine + water gives creatine + phosphate (the 
hydrolysis of phosphocreztinc) and 43.0 kJ mol"! of energy is given off. Thus. phosphocreatine is a very 
high energy compound. 

(b)  Phosphocreatine is such a high energy molecule because it contains a high energy bond—the 
phosphorous-nitrogen bond. Resonance structures show that each of these atoms bears some positive 
charge. which is unstable. Hydrolysis of this bond relieves this unfavorable interaction. and gives off 
energy. 


„РЁ А гр 


25.19 


25.20 


-0 a | -0 


| : А 
CH; CH; | 


CH; 
two adjacent 
positive charges 


If the concentrations of ATP, ADP. and phosphate are all 1, then by Eq. 25.37 on text p. 1318, the log term is 0 
and AG? = AG” = -30.5 kJ mol”. 


As discussed on text p. 1306, and shown by Eq. 25.24, the conversion of pyrophosphate to phosphate by 
inorganic pyrophosphatase makes many reactions very favorable by coupling them to this irreversible reaction. 
If ADP were used as an adenosyl donor, then the product, pyrophosphate, would be hydrolyzed by SAM 
synthase. and there would be no pyrophosphate left for hydrolysis by inorganic pyrophosphatase. Essentially, 
the beneficial effects of hydrolyzing two high-energy phosphate bonds is lost, because the starting material was 
ADP instead of ATP. We now can see why even small concentrations of methionine can be completely 
converted into SAM-the high-energy releasing processes of conversion of ATP to SAM and triphosphate. 
followed by triphosphate to pyrophosphate and phosphate, followed finally by pyrophosphate to phosphate are 
very favorable processes. 
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25.21 


25.22 


25.23 


25.24 


25:25 


Solutions to Additional Problems 


phosphate monoester phosphate anhydride о 
T s N 
m г CL 
Н; N — 
| бы 0. e a 59^ C. о N^ “мн 
"0 —P—0^ m 3 | o^ : 
| Ó- 0- | 
0- 
cyclic phosphate a 
diester 
| | 
phosphate А й phosphate 
Qv, К ANO $ 
monoester [9] О monoester 
Аш: 


The anomeric proton is split by both the protan on the adjacent carbon. and the phosphorus on the adjacent 
oxygen. The coupling constant of 3.5 Hz comes from the hydrogen. since hydrogens with a gauche relationship 
are typically split by this amount (see Fig. 13.9, text p. 636). The other 7.3 Hz coupling constant must then 
come from the phosphorous. Since the coupling constants are inequivalent, а doublet of doublets is observed 
(Sec. 13.5 in the text). 


(a) The order of reactivity in hydrolysis, from least reactive to most. is B < C < A. In general, carboxylic 
esters are more reactive than phosphate esters (see Sec. 25.6A in the text). so A is the most reactive. Of 
the two phosphate esters, consider the transition states. Compound В has two negative charges to begin 
with. and another is brought in hy the nucleophile, making the transition state very unstable. Compound 
C has onc less negative charge in the transition state, so it reacts faster than B but slower than A (sce Eq. 
25.15 on text p. 1298). 

(b) | Carboxylic acid derivatives’ reactivities increase in the general order: amide < ester < anhydride < acid 
chloride (see Sec. 21.7 of the text). It follows that the phosphorous analogs of these compounds would 
react in the same order: C < В <А < D. 


(a) (b) (c) 

о ue б ЖОШ m i 0 
ak i o—b—o—b—on He OH * -o—f— oH 

Me N Me he b- А 
Ме Ме 


When base (triethylamine) is present, the product is an amide because the amine end of 2-aminoethanol reacts at 
the carbonyl of the thioester to yield an amide, C. 


0 
| 


о 
| | 
2 tien M. ( Уон 
H 


amide C 


When acid (p-toluenesulfonic acid) is present, the amine is protonated, and non-nucleophilic. In that case, the 
alcohol end of the 2-aminoethanol reacts with the carbonyl of the thioester to yield an ester, D. 
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25.26 


о 
уі —CH, + LAH, Eg (8 УЗ < e C. I em TET LAM, _ 


о 


p-toluenesulfonic Е. —88 


+ + 
HNN он —— —À» НМ „он ————— (уо 


ester D 
not nucleophilic 


The first hydride equivalent reacts with the thioester to convert it to an aldehyde by displacing thiolate as a 
leaving group. A second equivalent of hydride reduces the aldehyde to an alcohol. The overall process is 
UNUM to the reduction of esters (Sec. 21.9A of the n 


an aldehyde 


S-cyclohexs thioacetate (acetaldehyde) 


25.27 


On + “O—CH,—cH, MES. ( yw + HOCH,CH, 


an alcohol 
cyclohexancthiol (ethanol) 
When boron trifluoride is added. a boron-oxygen bond is formed that stabilizes the tetrahedral intermediate. 
Instead of the carbonyl reforming and displacing the leaving group. as above, the oxygen leaves instead. The 
electrons on sulfur help to stabilize the resulting carbocation, similar to the way that nitrogen operates in the 
reduction of amides. as shown in Eq. 21.554 on text p. 1081. The boron-containing leaving group likely breaks 
down into the lithium salt of BOF, and LiF. 


Q^ Св ВЕ; — BF; 
ХЕЕЕ uL + LIAIH, CE ( y» 
S-cvclohexyl thioacetate 
0 
* + | 
{ )-s-b-os я» ( уно T "T A * LiF 


The sulfur-stabilized carbocation is then reduced with а second equivalent of hydride, again analogous to the 
reduction of the imine intermediate in the case with amides (see Eq. 21.55e, text p. 1082). 


( s CH—CH, —» { )—з—оъ—овң, 


HAS 


| 
Li* divi 

F 

—C 


h — 


cyclohexyl ethyl sulfide 


(a) (b) 


| 
Ag \"CHs R—CH,— 0^, \~CHs 
F 
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2528 (a) 
0 
d NP HO lo + ri " | 
С. 07 | ү 20. VL = A. : 
нс “со; [on H;C CO; H3C CO; 


(b) This reaction is driven to completion by the fact that the "alcohol" leaving group is actually an enol, 
which equilibrates into a much more stable ketone. Since these products are so much lower in energy 
than the products of the hydrolysis of an ordinary phosphate ester. the reaction releases much more 
energy. 


2529 (a) 


А | 
CH,0H + г ES рупе 
(Б) 


CA. ы | 


О 
‘ | . 
CH;OH + НС —C—Cl =” H3C eee Е НС —C—OH + ~ OCH; =< 


C 
| 
НЫС —C— 0^ Na* + HOCH, 
D 
(c) 
о о о 
А © | £) “OH AE 
CH;OH + a rare — O—P—0-—CH, ——» Де ы Na” + СН;ОН 
PrO iPro iPro 
E F 
25.30 
(6) O H 
| 1 H,0* i M^ "un Tl ll e 
CHO—P—OCHy «Hà E CHO—P—9-1CH, + нб -> CHO—P—OH + Снн 
OCH, OCH, OCH, 


25.31  Racemization of the product suggests that a single inversion by an S42-type mechanism is not operating. 
Instead, the formation of a planar metaphosphate ion (Eq. 25.192, text p. 1300) could be trapped by the 
acetonitrile solvent from either side, racemizing the phosphorous. With the stereochemical information of the 
starting material lost. the tert-butyl alcohol would eventually react with the metaphosphate. yielding a racemic 
mixture of the labeled tert-butyl phosphate. 
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то Ш! по 
то J. 35.2 om * wl, + Р К P ты 
T. l == \е ecm ВА, 07и "Nec-—cH, нс Сен” ү BUN 
Bu,N : 7 Soph Ж о, 70°C BuN ?O- О вы 
BuN '60- Ви Bu,N 
racemic mixture 
to 
EN 
BuN '0— — OC(CH3 

BuN 160- 
racemic 


25.32 Nitrate ion is stabilized by resonance, which distributes the negative charge around to all three oxygen atoms 
equally. If it were to react with hydroxide at the nitrogen. the product would be very unstable for a few reasons. 
First, its formation is unfavorable. as approach of the hydroxide is repelled by the nearby negative charges on 
the oxygens. If it were to form, the product would have a 2- charge, with negative charges localized on three 
oxygens. The resonance of the nitrate ion is lost—it is tetrahedral and the three oxygens bear three formal 
negative charges because no delocalization is possible. Finally. the three negative charges are pushed closer 
together in a tetrahedral arrangement than in the trigonal planar nitrate ion. further destabilizing the product. 


О 


з 02 
um dip MS. 
-9^ ө" ne No 


25.33 The active site of the enzyme would likely look very similar to the one shown in Eq. 25.32 on text p. 1312. 
There would need to be a glutamate residue, or similar, to remove a proton from the nucleophile; phenol in this 
case. The phosphate negative charges would need to be stabilized by metal ions such as manganese, calcium or 
magnesium, and residues such as arginine or lysine. Arginine or lysine could also provide a proton to the UDP 
leaving group. Draw the active site using the structures shown in Fig. P25.33. with Eq. 25.32 as your guide. 


25.34 A double inversion mechanism must be operating if the product shows retention of stereochemistry. However, 
the problem states that no phosphoenzyme intermediate is formed. Therefore. we could postulate that another 
nucleophile does the initial displacement, inverting the stereochemistry at phosphorus. and the labeled water 
inverts the phosphorus back to its original configuration to yield the product. 


HO О. „uracil но О. „uracil І 
(base) (base) HO О. „uracil 
N anm Кес 


AC S nbonudense A - n d J [9] WH * 
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25.35 (a) 


a histidine residue in a phosphohistidine 
a protein residue 
(b) Since inversion occurs twice at phosphorus, the product would contain phosphorous with retention of 
configuration. 


25.36 (a) Usea strategy similar to the one shown in the solution to problem 25.17(a) in this manual. 
a fatty acyl-CoA + HO => RCO, + HSCoA + H* AG” =-31.4kJ mot’ 

RCO; + camitine + H* «=>  afattyacylcamitine + НО Аб" = «174 kJ mot" 

а fatty acyl-CoA + carnitine а» а fatty acyl camitina + HSCoA — AG*' - 14.0 KJ mor! 


(b) Since AG" = 2.3RT log Кы, and assuming a temperature of 37 °C, К = 229. 
(c) This reaction is favorable because the overall conversion is from a thioester to a more stable ester. See 
the discussion in Sec. 25.8C, and Fig. 25.10 on text p. 1318. 


25.37  Usea strategy similar to the ones shown in the solutions to problem 25.17(a) and 25.36(a) in this manual. The 
free-energy diagram is shown in Fig. SG25.2 on the next page. 


acetyl phosphate + НО =  CH,CO; + phosphate + Н. AG" --431kJmor' 
RCO; + HSCoA + H* => acely CoA + НО AG*' = +31.4 kJ тог! 


acetyl phosphate + HSCoA > acetyl CoA + phosphate AG*' = -11.7 kJ mot! 
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о 


о 
1 
—— нС-—С—ОРО,Н” ——— N *H;0 + HSCoA 
hp AG* for hydrolysis 
of acetyl phosphate = 


*| 


formation of acetyl CoA from CoA and 
acetyl phosphate 15 energetically favorable 


= 


о 
AG?' for hydrolysis њс— l —SCoA + НОРО; 
of acetyl phosphate acetyl coenzyme A +H,0 


AG” for hydrolysis 
nid Н тау formation of acetyl CoA 
of acetyl CoA 
— from acetaie and CoA 


1s energetically unfavorable 
i i 
—— H;C— C—O + HOPO,* H;C—C—O + HSCoA + Н” + НОРО; 


acetate ion acetate ion 


+ H’ 


Figure SG25.2 A free-energy diagram to accompany the solution to problem 25.37. Note: CoA and CoASH are equivalent 
representations of coenzyme A. 


25.39 


At pH 7. the thiol group should be about 100% protonated, as discussed on text p. 107. The pH is much lower 
than the pK, of that proton, so it is largely undissociated. or. protonated. (You can calculate the amount of 
dissociation exactly using Eq. 3.31b. but it's not necessary. Being more than two pK, units away from the pH 
means that its > 99% protonated.) At pH 11. the sulfur is approaching 100% dissociated, or deprotonated. 
(Again. it can be calculated exactly using Eq. 3.31a.) Because hydrolysis involves attack of water at the 
carbonyl carbon, formation of a tetrahedral intermediate, and displacement of a leaving group (the sulfur- 
containing group), the protonation state of the sulfur is important. At pH 7, the positively charged leaving group 
15 а great leaving group. so AG” would be negative, and larger. and the reaction would be favorable. At pH 11, 
the sulfur is largely deprotonated. and hydrolysis is less favorable because the leaving group is negatively 
charged. In this case, AG? would be less negative, or smaller, and the reaction is less favorable. 


0 
| 


P- + .CoA 
HC ~S 


(a) Тһе nucleophilic hydroxyl group reacts at the 8-phosphate group, and the by-product is adenosine 
monophosphate, or AMP. 


(b) Since AG” = -2.3RT log Kep and assuming a temperature of 37 °C, К, = 229. 


Б a 7? 0 "UPC А о о 
ОРО — ЛЕ КЕ Be ОРО — 0. NH; Д 
4, 7 — X X + -o—P—o—P—o 
3 2 = z 3 2 
Ho н HO 


(c) | Pyrophosphate is the by-product in the answer to part (b). Pyrophosphatase catalyzes the irreversible 
conversion of pyrophosphate to phosphate (Eq. 25.24, and discussion on text pp. 1305-6), which drives 
the reaction to completion. 
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25.40 (a) Тл (һе first step. aspartic acid is adenylated by ATP. as illustrated by Eq. 25.25c on text p. 1308. 


NH» 
NH 0 Lag NE LM N— ARN 
ы | ‘ot 
wo Ch, — C—O 0—P—0 —P—0 -P— 0 —CH, o N N^ - -> 
"d bw 
CO; e = - 
rtic acid 
aspartic ac HO ‘by 
ATP 
NH; 
\ lot 1 2 о о 
yo CH, — 6—0 —P— 0 — CH; О N N^ 
н<] 3 1 | Я 
CO; е + S YARN 
HO H M Le 
pyrophosphate 
Next, glutamine displaces AMP through a nucleophilic acyl substitution reaction. 
NH; 
NH о 0 XN 
V. I^I e i 3 NH; 
0—09 — C6 -0—P—0—CH; 9 М N^ 
Vr Ж é NH; о N— ARN 
s ge] v cem “oho — CH o N 2 
coy NH, С=0 UE 
* \ 
H О C— CH;CH 
ik l не] | HO 
„0 — CHCH: — C —NH; CO; 
д do; AMP 
glutamine 


Finally, hydrolysis of the intermediate generated in the previous step yields glutamic acid and asparagine. 


NH; О . * 
\ ЖЕ NH; ' MH, 9 
,9-0h-— NH; \ \ ii 
"- EU „C— CHCH — C —0 „ес—он;—б—Мн, 
CO; NH PRO H hb. - $- 
\ 2 
н“ lionis ho glutamic acid asparagine 


(b)  Asseen in many previous examples, the high energetic favorability of ATP hydrolysis is used to help 
otherwise less favorable reactions occur in high yield. In this case, aspartic acid is adenylated, and the 
AMP group is a much better leaving group than the OH group would have been. This substitution favors 
the amide formation shown in the second step of part (a). 


(c) Use a strategy similar to the ones shown in the solutions to problem 25.17(a) and 25.36(a) in this manual. 
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(d) 


(e) 


ATP + H0 => АМР + pyrophosphate АС°` = -45.6 kJ тог! 


aspartic acid <—™ asparagine + Н;0 AG*' = +15.1 kJ mol 
glutamine + НО ж” glutamic acid AG?’ = -142 kJ mor! 
ATP + aspartic acid _ АМР + pyrophosphate 


=> N P 
+ H,0 + glutamine + asparagine + glutamic acid Apr Елее 


This reaction is coupled to ATP hydrolysis, which makes it much more favorable. If you inspect the 
calculation made in part (c), you will see that the reaction is unfavorable (+0.9 kJ mol`’) if ATP is 
removed from the process. Although ATP itself isn't actually hydrolyzed directly in the mechanism [see 
part (a)] we can say that the reaction is coupled to ATP hydrolysis because that process indirectly 
provides the favorable energy release needed to drive the reaction towards completion. 


Pyrophosphate is one of the by-products generated during the process. Pyrophosphatase catalyzes the 
irreversible conversion of pyrophosphate to phosphate (Eq. 25.24, and discussion on text pp. 1305—6), 
which drives the reaction to completion. 
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| REACTION REVIEW 


UÜ 


1. ELECTROPHILIC AROMATIC SUBSTITUTION REACTIONS OF AROMATIC HETEROCYCLIC COMPOUNDS 


A. FURAN, PYRROLE, AND THIOPHENE 
1. Furan, thiophene, and pyrrole undergo electrophilic substitution predominantly at the 2-position of the ring. 

a. The carbocation resulting from substitution at carbon-2 has more important resonance structures, and is 
therefore more stable. than the carbocation resulting from rcaction at carbon-3. 


EE. / \ / \ 
2-substitution / \ / \ A / \ 
/ » (/ AT B <> © LN E <-> К X -E 
— / Oo H [9] , H [9] н 
/ \ + / + 
// \\ I / Л E f 
E. \ 
о \ |—H | —H 
; | ; 
\ 3-substitution // \ jf \ 
emm. | \ o | e. 
es oA NT 
Oo о 


b. Some carbon-3 substitution product accompanies the major carbon-2 substitution product in many 


cases. 
2. Furan. pyrrole. and thiophene are all much more reactive than benzene in electrophilic aromatic 


substitution reactions. 
a. The reactivity order of the heterocycles is a consequence of the relative abilities of the heteroatoms to 


stabilize positive charge in the intermediate carbocations. 
pyrrole > furan > thiophene >> benzene 


i. Both pyrrole and furan have heteroatoms from the first row of the periodic table. 
ii. Because nitrogen is better than oxygen at delocalizing positive charge (it is less electronegative), 


pyrrole is more reactive than furan. 
iii. The sulfur of thiophene is a second row element and. although it is less electronegative than oxygen, 


its 3p orbitals overlap less efficiently with the 2p orbitals of the aromatic 7-electron system. 
b. The reactivity order of the heterocycles in aromatic substitution parallels the reactivity order of the 
corresponding substituted benzene derivatives: 


(CH;N—Ph > CHJO—Ph > CH;S—Ph 


3. Milder reaction conditions must be used with more reactive compounds. 


f N 9 Р i; \ o 
/ f \ 
К » 15 acetylated with H43C — C —0— C — CH) /BF to give A >= C— СН; 
о (milder conditions) о 
(more reactive) 
m | K 9 
(, ) is acetylated with H4C С — C/AICI, togive 0 ССН; 
N / \ / 
` á (harsher conditions) * k 


{less reactive) 
4. The usual activating and directing effects of substituents in aromatic substitution apply; superimposed on 
these effects is the normal effect of the heterocyclic atom in directing substitution to the 2-position. 
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a. Count around the carbon framework of the heterocycle, not through the heteroatom, when using the 
ortho. meta, para analogy. 


para to fluorine 


f \ / dm 
// \ HNO, / | l Y | 
"o^ Г HOAc O4! o^ F 


ortho, para- 
directing group 
b. When the dirccting effects of substituents and the ring compete, it is not unusual to observe mixtures of 


products. 
c. If both 2-positions are occupied, 3-substitution takes place. 


NO; 
f, A P 4 
/ \ HNO; _ ZEN 
: ————- \) 
Hc Nn “CH; Нол нс” E ~си, 


В. PYRIDINE 


1. In general. pyridine has very low reactivity in electrophilic aromatic substitutions; it is much less reactive 
than benzene. 
a. An important reason for this low reactivity is that pyridine is protonated under the very acidic 
conditions of most electrophilic aromatic substitution reactions. 
b. The resulting positive charge on nitrogen makes it difficult to form a carbocation intermediate, which 
would place a second positive charge within the same ring. 
2. Pyridine rings substituted with activating groups such as methyl groups do undergo electrophilic aromatic 
substitution reactions. 
a. When substitution in pyridine does occur. it generally takes place at the 3-position. 
b. The preference for 3-substitution in pyridines can be understood by considering the resonance structures 
for the possible carbocation intermediates. 
1. Substitution in the 3-position gives a carbocation with three resonance structures. 


E E E | 
zw] / mer] | 

Mi ~ E* Z^ E 22 #5) gw 
| — | Ha» | 7 Be ||. [^u 

EM VA ы A Zz 2 
Sy "N^ * * MN N^ | 


n і 
E oe .. .. 


ii. Substitution at the 4-position also involves an intermediate with three resonance structures, but the 
one shown in gray is particularly unfavorable because the nitrogen. an electronegative atom, is 
electron deficient. 


T E* * ir 
| - gx | c nm І 
— м oe 
N е4 N 


no octet of electrons 


ON N^ pvridine-N-oxide 
Oo 


4. Pyridine-N-oxide is more reactive than pyridine and undergoes nitration in the 4-position. 
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NO; 
22 2 S 
fuming HNO3. H3SO4. heat | 
NS + 7 = + 
1 1 
о о 


a. Тһе N-oxide function can be removed by catalytic hydrogenation, which will also reduce any nitro 
groups present. 


NO; NH} 
1 
| : | H, Pd/C " 
= | 
| 
o 


b. Reaction with trivalent phosphorous compounds, such as PCL, removes the N-oxide function without 
reducing nitro groups. 


NO; NO, 
22 NS PCI 22 i 
A ge | + РОС 
EX M Lue 
N N 
с" 


Il. NUCLEOPHILIC AROMATIC SUBSTITUTION REACTIONS OF AROMATIC HETEROCYCLIC COMPOUNDS 


A. PYRIDINE 


1. Treatment of a pyridine derivative with the strong base sodium amide (Na* NH;) brings about the direct 
substitution of an amino group fur a ring hydrogen, this reaction is called the Chichibabin reaction. 


“м JN 
er | 1) NaNH», heat (^ "Y 
: : ' 
с J JHO ка : 
SN Pd s Sn 2 ч NH, 


2. A reaction similar to the Chichibabin reaction occurs with organolithium reagents. 


E 1) PhLi ZA 
heat _ | | 
~ 2 эноо A 
кы: г Na “pp 
3. When pyridine is substituted with a better leaving group than hydride at the 2-position, it reacts more 
rapidly with nucleophiles; thus, the 2-halopyridines readily undergo substitution of the halogen by other 
nucleophiles under conditions that are much milder than those used in the Chichibabin reaction. 


22. we T dia 
] Na* “SMe | x 
| » | + № “СІ 
Y "^" Y RT а 
"N^ СЇ ^N “SMe 


4. Nucleophilic substitution reactions on pyridine rings can be classified as nucleophilic aromatic substitution 
reactions. 
a. The "electron-withdrawing group" in the reaction of pyridines is the pyridine nitrogen itself: consider 
the ring nitrogen of pyridine as if it were a nitro group attached to a benzenc ring. 
b. The tetrahedral addition intermediate is analogous to the Meisenheimer complex of nucleophilic 
aromatic substitution. (Sec Sec. 18.4, of the text.) 
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tetrahedral 
addition intermediate 


5. 3-Substituted pyridines are not reactive in nucleophilic substitution because negative charge in the addition 
intermediate cannot be delocalized onto the electronegative nitrogen. 

6. 2-Pyridone contains a significant amount of both carbonyl and hydroxy isomers, and it often undergoes 
some reactions reminiscent of hydroxy compounds. 


2-pyridone 
B. PYRIDINIUM SALTS AND THEIR REACTIONS 
1. Pyridine is a nucleophile and reacts in Sy2 reactions with alkyl halides or sulfonate esters to form 
quaternary ammonium salts, called pyridinium salts. 


Z^ Ph—CH.—B 22, 
[ | — n] Br 


т+ 


e ic „А 
v NCH) —Ph 


2. Pyridinium salts are activated toward nucleophilic displacement of groups at the 2- and 4-positions of the 
ring much more than are pyridines themselves, because the positively charged nitrogen is much more 
electronepative than the neutral nitrogen of a pyridine. 


i, > K;Fe(CN), ^ 
| £j » | oe > | 
N+ 274€*— OH M (oxidation) 
N N l 
| | 
єн; CH; CH; 


a. When the nucleophiles in such displacement reactions are anions, charge is neutralized. 
b. Pyridine-N-oxides are in one sense pyridinium ions, and they react with nucleophiles in much the same 
way as quaternary pyridinium salts. 


= H,O S Ас,О = 
+ км — > > | AU 
+2 p (dehydration) P 
N N R N R 
о OH 


Ill. OTHER REACTIONS OF HETEROCYCLIC AROMATIC COMPOUNDS 


A. ADDITION REACTIONS TO FURAN 
1. Furan, pyrrole, or thiophene can be viewed as a 1,3-butadiene with its terminal carbons “tied down" by a 
heteroatom bridge. 


T 1,3-butadiene unit 


2. Of the three heterocyclic compounds furan, pyrrole, and thiophene, furan has the least resonance energy. 
a. Furan has the greatest tendency to behave like a conjugated diene. 
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b. Furan undergoes some conjugate-addition reactions. 
c. Furan undergoes Diels-Alder reactions with reactive dienophiles. 


О 
y С 

н „соз „_ Сиз: UA 

| to ' » A ue 
снос ^H =, [ 
CH403C 


B. Sipt-CHAIN REACTIONS OF FURAN, PYRROLE, AND ТНІОРНЕМЕ 


1. Many reactions occur at the side chains of кы compounds without affecting the rings. 


l Don m 


C. SipE-CHAIN REACTIONS Of PYRIDINE DERIVATIVES 


1. The "benzylic" hydrogens of an alkyl group at the 2- or 4-position of a pyridine ring are more acidic than 
ordinary benzylic hydrogens because the electron pair (and charge) in the conjugate-base anion is 
delocalized onto the electronegative pyridine nitrogen. 

a. Strongly basic reagents such as organolithium reagents or NaNH; abstract the benzylic proton from 2- 
or 4-alkyl pyridines. 


даь" MeLi KU EE 
к, ) CH5—CH, o» NN 7 CH—CH, + CH, 
/ \ 


b. The anion formed in this way has a reactivity much like that of other organolithium reagents. 
c. These anions are somewhat analogous to enolate ions, and thus they undergo some of the reactions of 
enolate anions, such as aldol condensations. 
2. The "benzylic" hydrogens of 2- or 4-alkylpyridinium salts are much more acidic than those of the 
analogous pyridines. 
a. One resonance form of the conjugate-base “anion” is an uncharged species. 
7 ай, Et,N 
эй” Т CH3- CH; ——> 


cs РЕ 


\ / З 
H,C—N m CH—CH, 4«—» H,C—N: )—CH—CH; 
ALS a 
EnNH uncharged 


resonance structure 
b. The conjugate base "anion" can be formed in useful concentrations by aqueous NaOH or amines. 
3. Many side-chain reactions of pyridines. for example. side-chain oxidation. are analogous to those of the 
corresponding benzene derivatives. 


CH, CO4H 
we 1 1) KMnO4. HO й 


> 2) H,0* 
ae 


D. PYRIDINIUM IONS IN BIOLOGY: PYRIDOXAL PHOSPHATE 


1. Pyridoxal phosphate is one of the several forms of vitamin Bg. 
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p CH—O H—O 
~O—POCH; o- HOCH, o- 
D T Sr d 
o- 
М + + 
^w CH; N CH; 
H i H 
pyridoxal phosphate pyridoxal 
CH NH; ү ө; 


pyridoxamine pyridoxol 
(pyridoxine) 


2. Pyridoxal phosphate is an essential reactant in several important biochemical transformations. 
a. interconversion of a-amino acids and a-keto acids 


| il \ f 


R.. ( В: C Р R а R' C... 
0 p ow p = a C Oo + ud o- 
" || pyridoxal + 
NH3 о phosphate о NH; 
an o-amino acid an a@-keto acid an at-keto acid an @-amino acid 


b. decarboxylation of amino acids 


i 
' R’ 
( 
be o + Hot ———» "CH. + CÓ. + H:O 
pyndoxal + 
^ NH; pliospliate МП; 
an @-amino acid 
c. loss of formaldehyde from serine 
HOCH 64 m i 
OCH, 
Xx sib: eR ( + we ur 
+ pyndoxal H H «| 
NH; phosphate NH; 
serine formaldehyde glycine 
(an a-amino acid) (an a-amino acid) 


3. In the biological world, pyridoxal phosphate exists as imine derivatives of various amines, including 
enzymes. 


CHO CH-—N —R 
e “<a 
+ HN—R ze + но 
z+ ~ + 
N N 
H H 
pyridoxal phosphate an imine torm of 
(abbreviated structure) pyridoxal phosphate 
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4. Biological rcactions involving pyridoxal phosphate hinge on the ability of the pyridinium ion to stabilize 
carbon anions. 


= ^ = 
A dz ; 
| 1 ( ÇH = єн am) 
> | 
X: < > 3| < > | 
Vt “и М Mr Ss 
H H H 


uncharged resonance structure 
5. The N-protonated form of pyridoxal phosphate is thus very important to its mechanism of action. 


a. The predominant form of pyridoxal phosphate at physiological pH is the form in which the phenol is 
ionized and the pyridine is protonated. 


b. The —OH group in the 3-position and its ortho relationship to the aldehyde makes the phenolic —OH 
group of pyridoxal phosphate unusually acidic. 
c. lonization of the phenolic —OH group raises the pK, of the pyridinium ion. 


d. The pyridinium form is stabilized when pyridoxal phosphate is bound to the enzymes that catalyze its 
reactions. 


H—N —Enzyme 


o resonance-stabilized anion 


CH; 


Enzyme stabilization of protonated 


nitrogen by an ionized 
carboxylate of the enzyme 
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9 SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


26.1 (a) (b) 
CHCH». N 
Б S—no, 
(CHN —, N T z 
| N // “М 
— H 
4-(dimethviamino) pyridine d-ethyl 2 nitroimidazole 
26.2 (a) 5-bromo-2-methylthiazole 
(b) 2-bromo-4-nitropyrrole 
(c)  pvyridine-4-carboxaldehyde or 4-pyridinecarboxaldehyde 
(d) — 8-methoxyquinoline 
26.3 The resonance structures of pyrrole: 
[ F: ^ 
« ‚+; +) P 
6% p г=\ г==\ [f Y 
ny \\\ Су/ \ / \ / \ 4 / \\ 
©. 95) € » a t - » EN + 25) < d. TOL =< e T5". 
N^ N UN N^ N 
H H H H H 
26.4 (a) Because nitrogen is an electronegative atom, the C—N bond dipoles in pyrrolidine are directed towards 
the nitrogen. and their resultant is also directed towards the nitrogen: 
Р Y resultant 
/ 
- X 
N ® 
H 
It is given that the dipole moment of pyrrole is in the opposite direction, that is, directed away from the 
nitrogen. Although there is a dipole component directed towards the nitrogen as shown for pyrrolidine, 
the major component is duc to the charge separation shown in the resonance structures given in the 
solution to Problem 26.3. In all resonance structures but the first, positive charge resides on the nitrogen 
and negative charge is on one of the carbons. Evidently, these contributions significantly outweigh those 
from the carbon-nitrogen bond dipoles. 
(b Oxygen is more electronegative than nitrogen. Consequently. the contribution of the carbon-oxygen 


bond dipoles in furan is greater than the contribution of the carbon-nitrogen bond dipoles in pyrrole, and 
the contribution of the charge-separated resonance structures for furan is smaller than the contribution of 
the analogous structures for pyrrole. Notice that the resonance energy of furan is less than that of pyrrole 
(Table 26.1 on text p. 1331); this is consistent with the idea that the resonance structures of furan are less 


important than those of pyrrole. 


In summary: In furan, the sum of the C—O bond dipoles outweighs the dipole-moment 
contribution of 7-electron delocalization (see Eq. 26.2 on text p. 1329). [n pyrrole. the dipole-moment 
contribution of 7-electron delocalization outweighs the sum of its C—N bond dipoles. 
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(c) Because the dipole vector of pyrrole is directed away from the nitrogen, and because the resultant of the 
two carbon-chlorine bond dipoles is also directed away from the nitrogen. the dipole moment of 
3.4-dichloropyrrole should be greater than that of pyrrole: 


cl cl 

| / № ^ ^ 

/ Y e A carbon-chlorine resultant 

Y | H 

Ü \\ м resultant dipole 

"NA carbon-chlorine А + | for 3.4-dichloropyrrote 

| bond dipoles dipole moment of the pyrrole ring | 
H 
26.5 Both pyrrole and pyridine are aromatic. and therefore both should have ring current-induced chemical shifts. 


Consequently, the two larger shifts are associated with the two aromatic compounds, and the 6 2.82 resonance is 
that of pyrrolidine. This chemical shift is not far from the value predicted for the a-proton resonance of an 
alkvlamine. (See Fig. 13.4 on text p. 621.) The resonance structures for pyrrole (see the solution to Problem 
26.3. above) as well as its dipole moment (see the solution to Problem 26.4(a), above) show that pyrrole has 
partial negative charge on carbon-2; in contrast, the resonance structures of pyridine (Eq. 26.3, text p. 1329) 
show that carbon-2 has partial positive charge. Since electron deficiency is associated with large chemical 
shifts. it follows that the à 8.5! resonance is that of pyridine and the 8 6.41 resonance is that of pyrrole. 


26.6 (a) The pyridine nitrogen is basic. Since bases can accept hydrogen bonds. pyridine can accept hydrogen 
bonds from water. This hydrogen-bonding capability increases the solubility of pyridine in water. 
Pyrrole. in contrast, is not basic. and the N—11 hydrogen is not particularly acidic. Hence. pyrrole does 
not form strong hydrogen bands with water. and it is therefore not very soluble. 

(b)  lmidazole has one nitrogen that has the electronic character of the nitrogen in pyrrole, and one that is like 

the nitrogen in pyridine, except that it is somewhat more basic than the nitrogen of pyridine (Study 
Prohlem 26.1 on text p. 1332). Because of its basicity. imidazole can accept hydrogen bonds from water 
and, like pyridine. it is very soluble in water. 


26.7 (a) Protonation on the pyridine nitrogen occurs because the conjugate acid is resonance-stabilized. 


= ~ 


| + NMe> *NMe> 
Vo | 
| A. ~ 2 A | 
| ic | P » | | conjugate acid of 
| iN de. 34 АЕ. 4-(dimethylamino)pyridine 
| NA- S 
| Cy | 
L H H | 


Protonation on the dimethylamino nitrogen, in contrast, gives a conjugate acid that is not resonance- 
stabilized. (Be sure to demonstrate this for yourself.) 4-(Dimethylamino)pyridine is more basic than 
pyridine because of the electron-donating resonance interaction of the dimethylamino substituent in the 
conjugate-base cation, shown above. The conjugate-base cation of pyridine itself, of course, lacks this 
stabilizing interaction. 

(b) Because the pyridine nitrogen is the more basic nitrogen, it is also the more nucleophilic nitrogen. 
Consequently, alkylation occurs on this nitrogen. 


NMes 
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26.8 The unshared electron pair ол the nitrogen of aniline is conjugated with the z-electron system of the ring. 
When aniline is protonated, this electron pair is no longer available for conjugation with the ring. 
Consequently, the reduction in conjugation causes a change in the UV spectrum. (See the solution to Problem 
23.69 on p. 865 of this manual.) The pyridine unshared electron pair, in contrast, is not conjugated with the 
7T-electron system of the ring because its orbital is in the plane of the ring. Consequently, protonation does not 
affect the conjugated system and therefore does not affect the UV spectrum. 


26.9 (a) Тһе bromine directs the incoming nitro group to the "ortho" position, and the thiophene ring is more 
activated at the same position. 


А Ni 
< Z $ O4 


3-bromo-2-nitrothiophene 
(b) This is a Friedel-Crafts acylation: both the methyl group and the ring direct substitution to the open 
"para" position (5-position). 


A. sies uL M жем А... РЕЧ 
[o н; C ^o C ^o 


(c) This is an aldol condensation. 


f; \ о 
| V J 
^o^ So" “р 


(d) This is essentially a “benzylic” bromination: a free-radical bromination at a carbon adjacent to an 
aromatic ring (Sec. 17.2). 
СН.В! 
/ \ 
\ 
d 


// 
3-(bromomethyl) thiophene 


26.10 This is an electrophilic aromatic substitution reaction in which the electrophile is the protonated aldehyde. (The 
carbonyl-protonated aldehyde shown in the mechanism below is undoubtedly in equilibrium with its nitrogen- 
protonated isomer, but the latter is not shown since it is not involved directly in the mechanism.) 


р А OH | 
ji \ (OH \ EE CH ff \ NMes 
Ü | рм : | / Y — NMe; » Ж X / e 

E cH „=, п Ls 


protonated aldehvde .080,H 
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гү 
iv 
/^H —Ó80,H 


OH 3 MN оон; 
4 Y | 4 3 NMe> » A \ -CH ( M — € 
\ х жег 


H 
“OSO3H 
[ y 2795 P uia 
OH, + { ен X pv * ММе, >» [ \ CH T )—NMej 
м” : № —, Б 
H H Feet 


26.11 Тһе structures of the picolines are given in Sec. 26.4A in the text. a-Picoline is more reactive because both the 
methyl substituent group and the ring direct substitution to the 3-position. The carbocation intermediate for 
substitution at the 3-position has a resonance structure in which the positive charge is on the carbon bearing the 
methyl group: 


| H H H 
ON 
| ON Vy ON va ON Vs i ey 
enc uo — FT | | 
ANS ак, ÈN pl e 
HiC^ “м нс Хм Hic ^ ^N^ Hc WO 
tertiary carbocation _ product of nitration 
resonance structure at carbon-3 


In contrast. nitration of B-picoline gives a carbocation intermediate for which all the resonance structures are 
secondary carbocations. 


H.C mea нс x. HC d Ке NO 
3. T (aks X. dii 3 T 3 22 A v2 
din a И MEM. di calle a 
“H H | ~H c 
^ < » [ч < » — 
` + + z l P ~ ] 


(Nitration at the 2- or 4-position gives a carbocation that has a tertiary resonance structure; however, one of the 
resonance structures of this carbocation is unimportant because it has an electron-deficient nitrogen.) 


26.12 Substitution at the 4-position gives a carbocation that is stabilized by resonance interaction with an unshared 
elecuon pair on the oxygen. Substitution at the 3-position gives a carbocation that is not stabilized by such an 
interaction. 


E H E. H 
“ 4 
p "dii S two resonance structures of the 
| | = ~ | | | carbocation intermediate that results 
S M J from substitution at the 4-position 
N N 
jem | 
о =- о 
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26.13 (a) 
NO; NO; N 
:0: 
ES T ES ~ 1 
| ci—P—C] j | — | + CI—P—CI 
2 | CHCI; +2 Cl N^ | 
Cl A- Cl 
OF E | Cl 
.. "D^ 
Cl 


(b) Follow the steps described in Sec. 10.6A of the text. Calculate the oxidation level of each atom involved 
in the reaction. in this case. nitrogen and phosphorus. Nitrogen is reduced (it gains two electrons) and 
phosphorus is oxidized (it loses two electrons). This is a two-electron redox reaction. 


NO; NO; 
T 
= 
| H ао 
2 | 
Cl 


oxidation level oxidation level 


-3 


-3 


oxidation level] ` 
-l 


26.14 The curved-arrow mechanism for the nucleophilic aromatic substitution reaction of 4-chloropyridine with 
methoxide ion is as follows. Notice that negative charge in the anionic intermediate is delocalized onto the 


nitrogen, an electronegative atom. 


e. C] OCH, Cl „осн; CI) OCH, OCH; 
( d \ 4 p FY) E 
a ~ OCH, din 3 BT! " E “°з, 
| | С | < > Д IL с | ры 
м ` РУ A j 
x N^ Ry Na “к^ Мм 
ә VU + СГ 


negative charge 
delocalized onto 
nitrogen 


26.15 4-Bromopyridine undergoes nucleophilic aromatic substitution by phenolate ion. The anionic intermediate is 
stabilized because negative charge is delocalized onto the nitrogen, as shown in Eq. 26.43b on text p. 1345 
(with Y = Br. :Nuc = OPh.. In the analogous substitution reaction of 3-bromopyridine, negative charge 
cannot be delocalized onto the nitrogen in the anionic intermediate; consequently. the intermediate is less stable 


and the reaction doesn't occur. 


Br OPh 
| 
v oa 
|| + “OPh ——» + B 
м м 
N N 
4-bramopvridine 4-phenoxypyridine 
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26.16 (а) (b) (с) 
NO, 
Mo oN Ym “+ 
| de | 
: 2. 
07 PNIS E e o- 


26.17 (а) Because nitration of a pyridine ring generally occurs in a 3- or 5-position, the pyridine must first be 
oxidized to a pyridine-N-oxide so that nitration is directed to the 4-position. Once nitrated. the N-oxide 
is reduced back to a substituted pyridine. (See Eq. 26.31 on text p. 1341.) 


NO) NO} 
PW. г -CH3 HNO3 iis _ „сн, д. „єн, 
@& d 0% 905, (^ ү H380, Ж РСІ; ^" Y 
uu »-| | M» | | yp | | 
NU TN, ^N TEC 
3-picoline o b- 3-methyl-4-nitropyridine 
(B-picoline) 
(b) In this case. the pyridine ring is nitrated on the 3-position by direct nitration. 
CH; CH; 


fh HNO, |. N05 
о р 


S = S P ci 
Sy Р; N 
1 picoline 4-methy!- 
{y-picoline) 3-nitropvridine 


(c) The "anion" formed by abstraction of a methyl proton by butyllithium can be carbonated with CO; much 
as any other organolithium reagent or Grignard reagent can be carbonated. 


ZM * " 

LiCH3CH4CH3CH; [ | 2Hj0* f 

- = e =. — ` ! к 
gh m i 


№. 


C 


"lime" 


N^ "cH, 


^CH; Li* ^N^ ^CH3CO;H 
2-picoline 


iS. + CH,CH,CH-CH, 
(a picoline) а wrote 


(d) A Hofmann or Curtius rearrangement can be used to introduce an amino group with loss of a carbon 


atom. 
о 
i il = 

A CH; COSH 1) SOC], CNH, ~ NH, 
A : ANN 2 2 P ул 2 Ps «p. 2 
md HNO}, heat did 2) NH3 ais Bra, NaOH [ Ny 
| man DNE n - 
мые NF NF NF 

N^ N N N 


3-picoline 
(B-picoline) 


3-aminopyridine 

26.18 (а) The formula of the product shows that one methyl has been introduced. The conjugate-base anion of 
3,4-dimethylpyridine is formed by proton removal from the 4-methyl group, and this anion is alkylated 
by methyl iodide. A 4-methyl hydrogen is considerably more acidic than a 3-methyl hydrogen because 
the anion A that results from removal of a 4-methyl hydrogen is more stable. It is more stable because 
the negative charge can be delocalized to the pyridine nitrogen. (Draw the appropriate resonance 
structures.) The negative charge in the anion derived from ionization of the 3-methyl group cannot Бе 
delocalized to the nitrogen. 
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CH; CH. Li* г» 
Ax Hj E. CH; A CH; 
Sr CH,CH»CH>CH3Li ( T сни | T 
3CH2CH2CH3 | i 
Mu 2 2 
N N N 


3,4-dimethylpyridine A 4-ethyl-3-methylpyridine 
(b) The bromine at the 4-position is displaced by ammonia for the reasons discussed in the solution to 
Problem 26.14 in this supplement. 


Br NH; 
| 
^ad EN P AE SS š 
|| NH3, heat 
22 „т 
к N 
3.4-dibromopyridine 4-amino-3-bromopyridine 


26.19 (a) The pyridinium ion can stabilize a negative charge on the carbon a to the carboxylate (see Eq. 22.57b. 
text p. 1351) and thus facilitates the reaction. 


B:— —H у H 


| \ 
СН == № — C— СНА СН== № С — CHR CH— N= С — CHR 
m — ЖИ Р 
? CO; 4 CO; CO; 
>+ + A 
N N N 
H H H 
Du HË: vid z [im Sy 
CH; —N —C — CHR үне CH; —N--C— CHR 
7 CO; d CO; 7 CO; 
| E | == — е — 
m If TE 
N N N 
H H H 
L 
AE 
CH; — NH, Penn CH,NH, 
Z CO; 2 | 
| => | + ~0,C—C—CH,R 
+ м» 
+ " an a-keto acid 
pyridoxamine 
phosphate 


(protonated form) 
(b) Begin with the imine product of Eq. 26.55, text p. 1350, formed from pyridoxal phosphate and the amino 
group of serine. (We abbreviate the structure of pyridoxal phosphate as in the text.) 

The first step is a B-elimination that produces formaldehyde and a resonance-stabilized "carbanion" 
in which the charge is essentially neutralized by delocalization of electrons onto the nitrogen of the 
pyridinium ring. (Be sure to show this!) This "carbanion" is then protonated to give an imine, which. in 
turn. hydrolyzes to glycine and pyridoxal phosphate. 
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23 ee N (> 
CH —N —CH —CH,— O—H«—:B CH —N Р пв 
CO; CO; 
d = І ы 
| | " | ix 
>+ + 
| | 
H H 


resonance-stabilized "anion" 
(Draw the structures!) 


+ НАС = О formaldehyde 


CH—N-—CH; CH—O 
'O5 H40* 
— т Ae T 
^ - » + H;N — CH, 
B; + | imine hydrolysis | ak 
Ex ; ES `0» 
N^ > da us 
| | glycine 
H H 


pyridoxal phosphate 


26.20 Isoniazid is a type of amide called a hydrazide. Semicarbazide (Table 19.3, text p. 985) is the same type of 
compound. As Table 19.3 shows. such compounds form imine derivatives called Avdrazones. In this case the 
structure of the hydrazone is as follows: 


It is reasonable to ask why isoniazid does not harm the host organism (i.e.. humans) by destroying 
pyridoxal phosphate in the host. The reason is that the bacterium has a very low level of the 
enzymce that converts pyridoxal into pyridoxal phosphate. whereas the host has a much higher 
level. Hence, replenishing the pool of pyridoxal phosphate takes a relatively long time in the 
Mycobacterium. Isoniazid is typically co-dosed with large amounts of Vitamin B, (that is, 
unphosphorylated pyridoxal and its congeners), which the human body recruits to form pyridoxal 
phosphate much faster than the Mycobacterium does. Hence, the Mycobacterium's reserve of 
available pyridoxal phosphate is destroyed by the drug and, unlike the human host, it cannot 
replenish pyridoxal phosphate fast enough to survive. 
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26.21 (а) (b) 
H o 
o EN / 
м 
Ке p / \—N 
T NY “уң HN A; ШЕ" 
о | о pg aE 4 3 
O—P—O—CH. „ N^ “0 o—P—o Т -о—сн, я 
| eS | 
о C У о о” 
он он он 
deoxythymidine monophosphate (¢TMP) guanosine diphosphate (GDP) 
26.22 
о 
о N 
$ T. | \ 
¢ | NH H N^ ^N 
180* + 
HO— CH; N TN us rotation _ HO — CH; 
о ы 2 о 
но HO OH 
guanosine guanosine | 
(anti conformation (syn conformation 
about C1 -N9) about C1 -N9) 
26.23 The structure of a tetranucleotide (a four-residue segment of RNA) with the sequence A-U-C-G is: 
NH, 
i N 
2 
Send HOCH, N 
* о, 
A D o 
он NH 
o 
O —P —0O СН» N ы о 
o c o 
о 
\ / хн; 
U 2 
он Sy 
o 
O—P—o—CcH, “х “о 
- о 
о 


н, N 
о нх \ 
O—P—O—CH, N 
* o0 
о š " 
‹ \_/ 
он он 
Y end 
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26.25 


26.26 


26.27 


26.28 
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Chargaff's first parity rule does not apply to individual DNA strands because the rule is a consequence of the 
base-pair complementarity that occurs between strands. 


(a) Тһе structure of an O-4-methylated thymine residue in DNA is as follows. (For the numbering of purine 
and pyrimidine rings see text p. 1354.) 


O-4 —— OCH, 


H3C М SN 
| 
м “о 


"mem. 


we 


(b) Refer to Fig. 26.6(b), text p. 1359, and to Eq. 26.61 on text p. 1362. The answer to part (a) shows that O- 
methylation eliminates the hydrogen on nitrogen-3 of thymine that is involved in hydrogen bonding with 
nitrogen-] of adenine. Because this hydrogen bonding is an essential part of base pairing. disruption of 
this hydrogen bond also disrupts base pairing. 


Solutions to Additional Problems 


(a) (b) (c) (d) 
о EEA — 7 
/ \\ // \\ / N no reaction 
\ gd x. M^ Nossa . \ 
1 Ms E S S 
(e) (f) (g) 
no reaction / \ MN о 
HO,CCH, 2 P. нус ex А, = 
Р / 
S Wem 
/ \ 
н Рһ 
(а) (b) (c) (d) 
І | no reaction a ON Ж 
SM + due = | 
CUN "CH N^ “сни "Su Хен; 
H - E 
а + CH4CH5CH4CH; 
(e) (f) (g) (h) 
AFAN a iik 2 | 
| OH 
TM AM м | м 
N ^ “сн, CA S CH; Ny ^^ NCH,CHPh Ny CH; 
o` CH; I 


The order of increasing reactivity is 


benzene << thiophene < 3-methylthiophene < 2-methylfuran 
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The relative reactivity of thiophene and benzene is discussed on text pp. 1334-5. Another reason that thiophene 
is more reactive is that it has a smaller aromatic resonance energy than benzene, and therefore it sacrifices less 
aromatic stabilization when reacting with electrophile. 3-Methylthiophene is more reactive than thiophene 
because it contains an activating substituent. the methyl group. Furan is even more reactive for reasons also 
discussed on text p. 1334, and 2-methylfuran is even more rcactive because the methyl group is an activating 
substituent. 


26.29 (a) The order of increasing Syl reactivity is as follows: 
B«A«D«C 


These reactivities parallel the corresponding reactivities of the respective ring systems themselves in 
electrophilic aromatic substitution reactions. For example. furan is more reactive than benzene in 
electrophilic aromatic substitution, and thus compound С is more reactive than compound A in 541 
reactions, because of ihe involvement of an oxygen unshared electron pair in the resonance stabilization 
of the carbocation intermediate: 


{> | 
cm { Vs os, <> Loi Lo c 
о о О 
C — — 
LÀ oio. <> C Lace 
Ó о 
+ 


Just as a para-methoxy group accelerates solvolysis reactions (see Eq. 17.6 on text p. 839). atoms that 
donate electrons by resonance within the ring also accelerate solvolysis reactions. In contrast. a pyridine 
ring retards solvolysis reactions because the nitrogen unshared electron pair cannot be used to stabilize 
the carbocation by resonance; this electron pair is in the plane of the ring and cannot overlap with the rest 
of the 7r-electron system. Furthermore, one resonance structure of the carbocation intermediate places 
positive charge and electron deficiency on the nitrogen, an electronegative atom. Such a structure is not 
important. Thus, the nitrogen exerts only its rate-retarding polar effect. The reactivity of the pyridine 
derivative is further reduced by the formation of НСІ as a by-product of the solvolysis reaction. The НСІ 
protonates the pyridine nitrogen and further enhances its electronegativity, thus retarding the solvolysis 
rate even more. 


The carbocation intermediate in the solvolysis of the thiophene derivative has resonance structures 
analogous to those shown above for the furan derivative. However. because sulfur uses orbitals from 
period 3, its overlap is less effective in stabilizing the carbocation. 

(b) Compound E is the same as compound C, in part (a). As shown in the solution to part (a). compound £ 
has four resonance structures to stabilize the cation after solvolysis. Compound F has only three 


resonance structures. Thus, compound £ undergoes solvolysis faster than F, because the carbocation 
intermediate is more stable. 


> 


+ 
CH — CH; CH — CH; CH — CH; CH — CH; 


FÁ UP xL cre а, 


о о 0 0 


26.30 Тһе hydroxy isomer is aromatic. and the carbonyl isomer is not. The principle to apply is that the compound 
with the greater resonance energy (Table 26.1 on text p. 1331) has the greater amount of hydroxy isomer. 
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(a) 


(b) 


26.31 (а) 


(Б) 


Because pyrrole has more resonance energy (that is, more stabilization due to aromaticity) than furan, 2- 
hydroxypyrrole contains a greater percentage of hydroxy isomer than 2-hydroxyfuran. 


f / f| Y / \ 
/ Y <= | ll Y A Si NM 

" o^ OH о о "N OH ` N 4 о 
H H 


2-hvdroxvfurarn 
2-hvdroxvpyrrole 


Because benzene has greater aromatic stabilization (greater resonance energy) than pyridine, phenol 
contains the greater percentage of hydroxy isomer and 4-hydroxypyridine contains more carbonyl 
isomer. 


[6] OH о 
H 
Т H 
4 | J == КЕЛЕС 
OH О N N N 
H H ^ 


+hydroxypyridine B 
4 


(A second carbonyl isomer of phenol, shown in Eq. 22.14 on text p. 1111, is not shown above.) Pyridine 
also has two carbonyl isomers; isomer А is undoubtedly the major one of the two because the unshared 
pair on nitrogen can participate in amide-like resonance: 


TO 0^ 
\ | 


H H 


Because the structure on the right is aromatic. this isomer of 4-hydroxypyridine is stabilized This type of 
resonance is possible neither for isomer В nor for phenol. This is a second reason that 4-hydroxvpyridine 
has more of the carbonyl isomer than phenol. (See the similar discussion of amide resonance in 2- 
hydroxypyridine on text p. 1343.) 


The order of increasing basicity (increasing conjugate-acid рК) is as follows: 
5-methoxyindole << 3-methoxypyridine < pyridine < 4-methoxypyridine 


All pyridines are much more basic than the indole, which is not basic at nitrogen. 4-Methoxypyridine is 
more basic than either of the other pyridines, because an unshared electron pair of the methoxy 
substituent is available to stabilize the conjugate acid by resonance: 


* 
(C OCH, OCH, 
$ ] : 
sS Йй | 1 coniugate acid of 
| s » | | 4-methoxypyridine 
SA C Ф 
( aN N 
H H 


Such resonance is not possible when the methoxy group is in the 3-position: hence. the effect of a 3- 
methoxy substituent is limited to its acid-strengthening (base weakening) polar effect. Pyridine itself has 
neither the base-strengthening resonance effect nor the base-weakening polar effect of a methoxy 
substituent. Hence, its conjugate-acid pK, is between those of the methoxypyridines. 


The order of increasing basicity is 
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3-nitropyridine « 3-chloropyridine « pyridine 


The order is a consequence of the relative polar effects of the nitro and chloro substituents. both of which 
are electron-withdrawing and base-weakening. As shown by the pK, values in Table 23.1, text p. 1190, 
the electron-withdrawing polar effect of the nitro group on the pK, of an ammonium ion is greater than 
that of the chloro group. 


(c) Тһе first "anion" in the problem is actually a neutral compound. 


Д. 


| ав | 
а Ш uo 
NN “Nî 
Ун H 
A B 


That is, it is a carbonyl compound. It has much of the characteristics of an amide, because. as structures 
A and B above show, a nitrogen unshared electron pair is delocalized into the carbonyl group. as in an 
amide. This analogy suggests that the pK, of its conjugate acid is near —1. (In fact, its conjugate-acid pK, 
is 0.79.) The other anion in the problem is a phenolate ion: its conjugate acid is a phenol. with a pK, of 
about 10. Consequently, the phenolate ion is considerably more basic. 


(d) Тһе resonance structures of protonated imidazole are shown in Eq. 26.6 on text p. 1331. Compare the 
structure of protonated imidazole with the structure of protonated oxazole: 


H 
+ / " 
Ne, ГП N ; А 
// , М ) // \ conjugate acid 
x Y oA & 2 of oxazole 
o Oo 


In protonated oxazole, the positive charge is shared between ап oxygen and a nitrogen; in protonated 
imidazole, the positive charge is shared between two niuogens. Because oxygen is more elecuonepati ve 
than nitrogen, it supports positive charge less effectively: consequently. oxazole is less basic. and 
imidazole is more basic. (The conjugate-acid pK, of imidazole is 6.95; that of oxazole is 0.38.) 


(e) See Study Problem 26.1 on text p. 1332 for the structure of protonated imidazole. In the case of thiazole. 
an electron pair of a sulfur is involved in the resonance stabilization of the conjugate acid: 


+ y „Н 
п, М 
j 2 // \ conjugate acid 
e ( w —— м. 2 of thiazole 
s S 


The orbitals of sulfur overlap more poorly than those of nitrogen with carbon 2p orbitals because they are 
derived from a different quantum level; consequently, the resonance structure on the right is less 
important than the corresponding structure of protonated imidazole. The sulfur in thiazole is actually 
less electronegative than the nitrogen in imidazole, but, as in electrophilic aromatic substitution, the 
electron-donating resonance effect of nitrogen far outweighs its electron-withdrawing polar effect. 
Consequently, imidazole is considerably more basic than thiazole. (The actual conjugate-acid pK, of 
imidazole is 6.95. and that of thiazole is 2.44.) 


The conjugate acid is formed by protonation on the nitrogen of the double bond. Protonation on either of the 
other nitrogens does not yield а resonance-stabilized cation. 
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26.33 (a) 
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" үң н CH3 H CH; H ] 
SN. NY N "xm ч | 
dc [5 < > Lo | < > N | | 
,U SHEN БУ. ече | 

|| 


Because alkylamines are more basic than pyridines (or quinolines). the conjugate acid of quinine is 
protonated on the nitrogen of the bridged bicyclic ring: 


H 
Н,С=СН = _ 
5а, + P rd 
H^, | 
2 OH 
Н Ҹ̧ан 
CH,0_ A 


conjugate acid 
of quinine 


"p ur 


(b) Тһе alkylamine group is more basic than the pyridine 
Vi 
P Nt "d 
5 | N conjugate acid 
М 2 н ‘CH, of nicotine 
N 
(с)  Indoles aie uot appreciably basic; uyptamine protonates on the nitrogen uf the primary amino group. 
CH3CH3NH; 
/ 
P dile N 
NN conjugate acid 
7 of tryptamine 
М. I N 
H 
(d) Although it might seem that the nitrogen of an amino group might be more basic than the nitrogen of a 
pyridine ring. the pyridine nitrogen protonates because the conjugate acid is resonance-stabilized. (See 
the solution to Problem 26.7(a) on page 670 of this manual for a similar situation.) 
CNH үт 
HON. A HN, 
YA | conjugate acid of 
€ «Ed t 3,4-diaminopyridine 
ST 
“EN 
L H 
(e) One nitrogen resembles the nitrogen of indole. which is not very basic: the other resembles the nitrogen 
of pyridine, which is more basic. Furthermore. protonation of the pyridine nitrogen gives a conjugate- 
acid cation that is stabilized by resonance interaction with the unshared pair on the "indole" nitrogen. 
(Draw the appropriate resonance structures.) In fact, the conjugate-acid pK, of |,4-diazaindene is 6.92, 
whereas the conjugate-acid pK, of pyridine is 5.2. The greater basicity of 1.4-diazaindene reflects the 
resonance stabilization of its conjugate acid. 
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26.34 (a) 


(b) 


(c) 


(d) 
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H 
Z^. = N 
€ N E ЗАРЕ 
і ] J conjugate acid of 1,4-diazaindene 
ч, JE 4 


N 
| 


Think of a 1.2.3-triazole as an imidazole with an extra nitrogen. Protonation occurs on the terminal 
nitrogen of the double bond as it does in imidazole because a resonance-stabilized cation is formed: 


H H 
/ / 
22%; oN 
| | Ке = » | | N conjugate acid of 
м E^ » A D 4 1 -methvl- 1,2, 3- benzotriazole 
SN Nu UN 
\ \ 
CH; CH; 


This resonance stabilization notwithstanding. the conjugate-acid pK, of benzotriazole is 1.6: the 
1-methyl group will raise that somewhat, but not a great deal. Compare this with the conjugate- 
acid pK, of benzimidazole, which is 5.52. Why is 1-methyl-1.2.3-benzotriazole so much less 
basic? 

The tertiary alkyl nitrogens are more basic than both the aromatic nitrogens and amide nitrogen. The two 


alkyl nitrogens have very similar pX, values, and the hydrogen is likely shared by both tertiary nitrogens 
to some degrec. 


The text has stressed that many reactions of pyridines can be rationalized by thinking of the МС bond 
of the pyridine as if it were a carbonyl group. Thus. the hydrogens of the methyl group. like the a-hydro- 
gens of a methyl ketone. are acidic enough to exchange for deuterium in basic D,O. 


C 


“М “CD; 


The indole N—H is acidic enough to be removed by strong bases such as phenyllithium: 


7 + Ph—H (ice. benzene) 


М 
EN 


The fact that the amino group is part of a five-membered ring docs not alter the fact that it is an 
activating. ortho, para-directing substituent. Under the conditions shown, the aromatic ring brominates 
once. (See Eq. 18.84, text p. 925, for the bromination of phenol under similar conditions.) 


The product results from hydrogenation of the double bond that is not part of the aromatic system: 
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(e) 


(f) 


(g) 


(h) 


26.35 (a) 


(b) 


The ethoxycarbonylamino substituent and the pyridine ring itself direct aromatic nitration to the "para" 
position (carbon-5). The stringent conditions are necessary because the pyridine ring is protonated. and 
thus is highly deactivated, under the acidic conditions of the reaction. 


ON 
е І 
| о 
ua || 
N NHCOEt 


Because furan is more activated than thiophene towards electrophilic aromatic substitution (Eq. 26.15 on 
text p. 1334). substitution occurs predominantly in the furan ring. Notice that the directing effect of the 
clectron-releasing ring oxygen overrides the directing effect of the carbonyl group, which, by itself, 
would result in substitution at the 4-position of the furan ring. 


Pyridine-N-oxides are nitrated at carbon-4. (See Eq. 26.30. text p. 1341.) The directing effect of methyl 
is not strong enough to override the effect of an OH group. (Note that the N-oxide oxygen is protonated 
under the conditions of nitration; this point was not mentioned in the text.) 


NO} 


d 
T 
N 


[9] 


эч. 

| 

| 
“А, 


АМ, 
l CH; 
Wolff-Kishner reductions occur on acylated pyridines just as they do on acylated benzenes. 


CH4CH; 


N 


Doreen is attempting to apply a reaction of pyridines and quinolines to indole. Because attack an a 
double bond of indole by the amide ion cannot result in charge delocalization to the nitrogen, the reaction 
does not take place. The reaction that occurs instead is removal of the N—H proton of indole. 


Za AA oN I a 
C n Rm d Re ous 
ў, + Na* "NH; = | X + NH, 
t M E "N 
n : 
Na 


Doreen is attempting the Chichibabin reaction on a pyridine derivative, but this derivative contains a 
chlorine in the 2-position, which, as chloride ion, is a vastly superior leaving group to hydride. The 
chlorine is lost rather than hydride to give 2-aminopyridine. 


s. P du 
+ Na” NH > | | + Na’ СГ 
^W" ^ C^N^ "NB 


2 aminopyridine 
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26.36 Тһе conjugatc-base anion of 2-aminopyridine, formed as shown in Eq. 26.334. text p. 1342. reacts with another 
pyridine molecule in a Chichibabin-like reaction: 


mm — 
Хм "MH ОЪ Sy 
Na* 


26.37 (a) Protonation of one pyrrole molecule at carbon-2 gives a carbocation that reacts with a second indole. 
The resulting product X undergoes an acid-catalyzed double-bond shift to give А. This rearrangement is 
favorable because. in compound A. the double bond is conjugated with a nitrogen unshared electron pair 
whereas. in compound X. such conjugation is absent. 


H40—H 
І ) " j 
— H 
LAEL H AR. © 
N 
N N 
H H «OF H H 
X A 


(b) Compound A from part (a) is protonated to give a resonance-stabilized carbocation Y, which serves as 
the electrophile in an electrophilic aromatic substitution reaction at carbon-2 of pyrrole. 


E La /6 3 
\ н--Он» \ FX E N 
= — —» ОН + LU har = 
H А H H ; H 
H н Нон H H H 
| 


B 
OH, 


26.38 Тһе p-nitrobenzenediazonium ion. which is formed in the diazotization reaction, acts as the clectrophile in an 
electrophilic aromatic substitution at carbon-3 of indole: 
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М 
H 
26.39 (a) Prepare pyridine-2-carbonitrile and reduce it to the amine. 
1) NaNHs 1) NaNO/H5SO, D LiMlHy 
СР“) зно Е 2) CuCN d DHO ua f 
КЁ р ` | > | )NOH -— R | 
N N^ “NH N^ “C=N 7 “м” ^CH;NH; 


(b) Use the N-oxide to direct nitration to the 4-position. Then convert the nitrated N-oxide into 
4-chloropyridine. which is then displaced with ethanethiolate anion. 


NO} NH; 
1) NaNOJ/HCI 
C] tese 30% 1203. HNO}, H2504 | 2 | H.PdC (2 2) CuCI . 
хы? x i 
N N N 
| 
o- о 
cl SCH3CH; 


CH,CH,SH. Мао. (^. 
= 


M I 
N N 


(c) Prepare I-(2-furyl)- 1-ethanone M А and carry out an aldol condensation with furfural. 
О D CH Mel О 


Jj \ il 3 H,0* CxO (pyridine)s / \ furfural 
4 X CH T NN ш Ay coins, \ We, мон , 
О о 
furfural 72-acetvlfuran? 


nie’ 
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(d)  Oxidize furfural to the carboxylic acid and convert the acid into the ester. Notice that the acid chloride 
method of esterification is preferable to acid-catalyzed esterification with propanol because furans are 
somewhat sensitive to Mc acidic conditions. (See. for example. Problem 26.40. text p. 1368.) 


о 
/ ji Ago soc / W ll носн,сн.сн,. pyndine 
Ü \ CH ao,  \ teni Ü са aa ee 

^o : Sb 


n— о 

/ \ fk 

d P au COCH>CH>CH, 
о 


(е) Охійіғе the methyl group to carboxylic acid, convert it into an acyl azide, and carry ош a Curtius 
rearrangement to the isocyanate. Divide the isocyanate in half; convert one part into the amine, and then 
let the amine react wi:h the remaining isocyanate to give the urea. 


о 
|| 
„~ СНз 1) KMnO4, “OH, heat m~ „COMH A GCN den 
2 Y 2) H,0* (^ nf 1) SOC и УЕ -N3 
» enc dw t» 
> м 2) NaN N J 
“= “у ` N 
о 
|! 
М=с=0 NH3 NH —C —NH 
2 NaOH, H20 H,O pr E 
| .J =e i | 
~ a CA м м 
М N N 
A 


(f) | Usethe enhanced "benzylic" acidity of N-methylpyridinium salts to form a nucleophilic anion at the 
benzylic carbon of the ethyl group. which is then cyanoethylated twice. (Compare to the reactions in 
Eqs. 26.50 and 26.51, text p. 1347. Cyanoethylation is discussed at the top of text p. 1158). 


CH3CH,; CHCH, H;C— C(CH3CH3CN), 
1) Et 4N (base) 

"d ™~ 22 a A 

2 єнї 2м 2) HaC CH — CN (excess) (^ У 
»- | i » 

> E Sod, I c мы YF _ 

N a dg N I 

4-ethylpyridine CH ba 
3 3 


(g)  Alkylate the conjugate-base anion of 2-methylpyridine with propyl iodide; then convert the resulting 
2-butylpyridine into its conjugate-base anion, which is carhoxylated with CO, like any other 
organolithium or Grignard reagent. 


CH; CH, Li* CH3CH3CH3CH; 
Z^ №  CH,CH;CH;CHsLi 2 ^N ICH,CH,CH, (^ ^N CH;CH3CH;CHsLi 
МА М 9, i 
2-methylpyridine 
CO:H 
Li* CHCH;CH;CH; CHCH3CH3CH; 
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26.40 A compound with two degrees of unsaturation that has an NMR spectrum consisting entirely of singlets which 
is completely obliterated in base. and that gives hexane as a Clemmensen reduction product. must be a six- 
carbon unbranched diketone in which all hydrogens are a-hydrogens, that is, 2,5-hexanedione. A mechanism 
for the formation of this compound from 2,5-dimethylfuran is as follows. 


н Q H 
/ | + He~ 
| ( 3 OH» L-H он, cl, } 
]/ W- fi \/ \ “OH OH, 
НС p CH; » Н;С па: p = CH; — H;C 4 „©. * — 
о о о CH; 
a resonance-stabilized 
carbocation 
Г; \ f; - дї f 1 *) v ^N 
] \ „он i X&oH /| \20—н он, 
H3C—_ 7.4 > H,C D = > a.c— v А — 
sO (y CH3 оҳ CH; [9] єн; 
|o | 
ээн OH, H H 
+ OH, 
pam жані 
// \ zO + / \ 
нс «С *H—0H —> нс jc 
? CH; О 
H 2.4-hexanedione 


enol of A (compound A) 


The final step. formation of the ketone from the enol, occurs by the reverse of the mechanism shown in Eq. 
22.17b on text p. 1112. 


26.4] Тһе unsaturation number of compound А is 4; its oxidation to nicolinic acid shows that it contains a pyridine 
ring with a 3-substituent. The pyridine ring accounts for all four degrees of unsaturation. Because pyridine 
contains five carbons, the side-chain has three carbons. Compound A cannot be à primary alcohol, because the 
oxidation product of such an alcohol would be an aldchyde, which could not have five exchangeable 
a-hydrogens. (An aldehyde of the form RCH,CH=90 has only two a-hydrogens.) Therefore, compound A is a 
secondary alcohol. and ketone B is its oxidation product. 


m [9] 
| 
д _CH»CHCH А; CH»CCH 
C | | | % ў | | 
X N A km. N Pd 
i B 


26.42 (a) By the principle of microscopic reversibility (see the bottom of text p. 175), the mechanism for the 
desulfonation of an arylsulfonic acid will be the reverse of the mechanism for sulfonation (see Eq. 16.13, 
text p. 804). For sulfonation to take place, a high concentration of the electrophilic agent (SO) is used in 
the presence of H5SO,. a powerful acid and dehydrating agent to provide а low concentration of water. 
For desulfonation to take place, a high concentration of water is required to reverse the equilibrium of the 
reaction. (SO, reacts with water to give H,SO,.) 
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H 
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(b) During the nitration, the sulfonyl chloride is converted into the sulfonic acid by the aqueous reaction 


conditions. 
O;N ON 
{ \ aw l \ 
„зод! g^ T SOH $ 
2-thiophene- 4-nitro-2-thiophene- 3-nitrothiophene 
sulfonyl chloride sulfonic acid C 
A B 


(c) — 3-Nitrothiophene cannot be made directly from thiophene because thiophene nitrates mostly in the 
2-position to give 2-nitrothiophene (see Eq. 26.14, text p. 1334). 


26.43 (а)  Diethylamine and formaldehyde react to form an imminium ion by a mechanism completely analogous 
to the one shawn in Eg. 23.28 on text p. 1201. This ion then serves as the electrophile in an electrophilic 
aromatic substitution reaction at the 3-position of indole. 


imminium ion 
gt 


+ > d i з 
ÇHNEn f Td = f НМЕ!» 
ION A 0 2 SIN - “к à; 
а: = |- ж oe | У + H—OH, 
Sn’ wn a "р : 
SAN oN SON 
H H H 


Indole. benzofuran. and benzothiophene tend to give a much greater percentage of 
3-substitution than pyrrole, furan. and thiophene. 


(b) Exchange is initiated with protonation by the deuterated acid at carbon-3 of the indole. In any exchange 
reaction of this sort, the experiment is set up so that there is a large excess of deuterium in the solvent: 
thus, the hydrogen that washes out into the solvent is swamped by the large excess of deuterium. In the 
last step, hydrogen is lost much more rapidly than deuterium because of the primary isotope effect (Sec. 
9.5D. text p. 408). However. the relatively few molecules from which deuterium is lost are continually 
recycled through the mechanism until hydrogen is eventually washed out into the solvent. 
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(c) This reaction is a carbocation rearrangement known as the indolenine rearrangement. The driving force 
for this reaction is the aromaticity of the product. 


(d) Alkylation of the nitrogen to give compound А (a quaternary ammonium salt) activates the carbon- 
nitrogen double bond toward a nucleophilic reaction with hydroxide ion, which. in tum, leads to ring 


opening. 
ГУ СНз I CH, Г 
——N ——2ÀCH;--1 N N 
/ \ he N ОН / \ 
һһ— —2—Ph ma 7h У =æ ра A - 
^o^ о Жы ^0 \ Va OH 
o—H e- 
compound A «| 
е, 
CH; CH; 7 Bs | 
N » —N [—N X 
f , / * 
т / \ " "3 pr g jan docs dis te EN Ph | H—OH 
1 A Ph x 1 " 1 ` RUE o 
о Ve ы, \\ \ \ 
+ ) о-Ә от о о о 
+ OH, 
CH; 
j^ 
cd — + OH 
Ph \ Л Ph 
оо 


(e) X Sulfonylation of the N-oxide by the sulfonyl chloride activates the carbon-nitrogen double bond toward a 
nucleophilic reaction with chloride ion, which is produced in the sulfonation reaction. Hydroxide- 
promoted elimination forms a double bond and liberates chloride ion. which then reacts as a nucleophile 
at the terminal carbon of the double bond and displaces tosylate ion іп an allylic variation of an S2 
reaction (sometimes called an S42* reaction). This last step is undoubtedly driven by the aromatic 
stability of the product. The mechanism below begins with the sulfonate ester and chloride ion, 
produced in the formation of the sulfonate ester. (For the mechanism of sulfonate ester formation, see 
Further Exploration 10.2 on p. 269XR of this manual.) The toluenesulfonate group is abbreviated — 
OTs. 
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^N CH; NC AoH / OH N^ CH, “cl N^ “сн,сі 

I^- Н; : F : 

OTs One i. J Gors 

+ H—OH 


(f) | Because of the three chlorines on its a-carbon, trichloroacetyl chloride is unusually reactive in 
nucleophilic acyl substitution reactions. (Recall that reactivity toward nucleophiles of a carbonyl 
compound is enhanced by clectron-withdrawing substituents on the a-carbon: see Sec. 19.7B.) The 7 
electrons of pyrrole are nucleophilic enough to he acylated hy this acid chloride to give compound B. 
The remaining mechanistic steps are the same as the final steps of a haloform reaction (see Eq. 22.27e on 
text p. 1116), except that the base is ethoxide rather than hydroxide. Ethoxide displaces the 
trichloromethy] anion, which reacts with ethanol to give chloroform and ethoxide. 


mta LCS ER 
«o v0 Wm du eon ЖаШы 
N \ 
H CCl; H CCl; H He— Cl 
—À of Oo — —ÀàÀ о 
/ \ | fi Y + / \ T 
- / \ 4 "^ / fnm А \ | = 
H—Cl*4 %—c—ccl, ——> C--CCl, » СОЕ + “CCl; 
№“ n> OEt N^ [AM N 
H H ОЕ! H trichloro- 
compound В methyl 
anion 


EO--H«*—CCl, > ЕО + H—CCl, 
(g) This reaction is a nucleophilic aromatic substitution reaction by the benzenethiolate anion (PhS ), which 
is formed by the reaction of benzenethiol with triethylamine. This reaction is like a nucleophilic aromatic 
substitution reaction on pyridine in the sense that a pyridine nitrogen stabilizes the anionic intermediate. 


4 | * 
PhS—H¢— NEt; О) PhS + HNEn 


m Am ao Е” 9 PL 
^T Ы. cr T iN ы 
Uu j= [7 
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Hydrolysis proceeds through the standard acyl addition-climination mechanism (Sec. 21.7). The rate of reaction 
can be determined by considering the stability of the leaving group. Compound C releases an amide base, which 
is a strong base. Compounds A and B release aromatic leaving groups. however А releases an aromatic ion, and 
B releases a neutral aromatic ion. The neutral aromatic leaving group is more stable, so the order of reactivity 
from least to most reactive is C « A « B. 
CH; 
A, 
/=N — ^N 4^ М 
N N —H 
LET d 
( 


Ww MZ 
A п 


(а) For simplicity, represent the histidine side-chain as R: that is, 
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In this mechanism. the pyruvyl group is acting as a "surrogate" of pyridoxal phosphate. The first step is 
formation of the imine А of the pyruvyl group. This forms at the ketone carbonyl (why?). The 
mechanism of imine formation is outlined in Eq. 19.60a—-b on text p. 984. This imine then loses CO; to 
give carbanion B. which is stabilized because its electron pair is delocalized into the other carbonyl 


group. 
R O ^ R R 
|I Пу) А М 
N z со о NaS yao 
I. ~ T I | 
H,C—C—C—E ——> c t| HC—C~C—E -«—» H,C—C—C—E 
о о Go в а 


Protonation of this carbamon at carbon yields à new imine, which hydrolyses by a mechanism that is the 
reverse of imine formation to give histamine: 


R R 
Е 

. СН * . СН 

ij ако Ў i H,O | 

ps — —» 2 

HiC—C -C—E HiC—C—C—E —— H4C—6C —6G —E + Н.Х — CHa —R 
о | О histamine 
+ ib 


(b) Тһе carbonyl group of carbanion B shown in part (a) serves as the electron sink for decarboxylation. 


26.46 (a) First, serine forms an imine with pyridoxal phosphate as shown in Eq. 26.56 on text p. 1350. This imine 
undergoes a elimination of the elements of water to give the imine of dehydroalanine (compound A in 
the problem). The role of imine formation is to make the proton that is eliminated quite acidic; recall 
(Sec. 17.3B) that E2 reacuuns involving acidic 8-piotuus aie particularly rapid. (Why is this В proton 
acidic?) A base on the enzyme B: abstracts the proton, and an acidic group on the enzyme 
B—H protonates the —OH group as it leaves to form water. 


СО» 
>©2 
| 
C—N 
HC "CH 
2-0,POCH3. o~ 
4 ыы 
> | 
Z~ + 
N CH; 
| H 
H 


compound A 
imine derivative of serine and 
pyridaxal phosphate + 
P) uo + НО + B—H + 3B 
(b)  Delocalization of electrons from the double bond on the colored carbon to the pyridinium nitrogen 
reveals that this carbon has carbocation character, and should thus be electrophilic: 
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carbocation character 


(c) An electron pair of the indole ring 7 electrons react as a nucleophile at the electrophilic carbon of the 
imine of B-alanine: 


n # 
\ 0H РА 
CH CO, 
22 ' Milit 
—CH,^ xa 
et Rods i" 
: O,POCH, о 
o 2 i 3 2 
| nE 
s resonance-stabilized N CH; 
on CH; carbocation | ; 
H 


The resulting carbocalion intermediate is resonance-stabilized by the electrons of the indole nitrogen. A 
basic group removes an O—H proton to start an electronic cascade that generates glyceraldehyde- 
3-phosphate and an imine C: 
O OH 
* Hoo ` 
B—H + HC-—CH —CHs0PO| 
glvceraldehyde-3-phosphate 


T - 
CO; 
CH, M / 
i: ` 
\ М: 
P CH 
N y. 
н ^ OjPOCH; Y 
c N CH; 
H 


Finally, compound C is protonated on carbon to form an imine D between pyridoxal phosphate and 
tryptophan. Hydrolysis of this imine gives pyridoxal phosphate and the amino acid. 
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CO; CO; 
22 CH. / EEN CH) / 
M Cs / "a \ Fa H,O 
N / BHA N, Ww / Y ^ ^N 3 

N- 1 2 Ü CH LM H ~ с H но 

ЧА ЫР N = 

 : "^ O,POCH, 2m Q H =- O,POCH, Pa ЖР о 
[- ^ | + . 
# B: е е 
N CH, CH 1 
H D H 
imine of pvridoxal phosphate and trypotophan 
| 
со» CH 
—~ CH, / 
[ о ee CL, + Cogo. A 00 
SU M н мн; | 
V mE. REY 
N e PS 
H N CH; 
troptophan H 


pyridoxal phosphate 


The stereochemical issues have heen ignored in this problem. Tryptophan praduced in this way 
is solely the 5 enantiomer. At what step is the configuration of tryptophan established? 


26.47 Form the carbanion intermediate as shown in Eqs. 26.56 and 26.572. pp. 1350-1 of the text. This carbanion can 
be protonated from either face to give enantiomers. The enantiomeric amino acids are freed by imine 


hydrolysis. 
A 
X но њо" Ж 
(а) TN —————- "S * 
H--p* | и | d + HN б-со; 
- (а) \ dios 1 R 
сн=н—6:2°® к H 
o CO; enantiomeric 
| "S H-- B* T" E. R amino acids 
2 (» =н Н=0 Я 
^ CO, 
| bar na њо "— * „В 


mE, 
\ 
5 
|- 
H 
z, 
LA 
т—>+ 
\ 
= 
zÈ 
X 


26.48 (а) Exchange occurs when the conjugate-base anion is formed by abstraction of one of the colored protons, 
and this anion removes a deuteron (a deuterium nucleus) from the solvent. The anionic intermediate 
involved in this exchange is resonance-stabilized in such a way that negative charge is delocalized onto 
two electronegative atoms—one of the nitrogens and the carbonyl oxygen. In contrast, removal of a 
proton from the other methyl group gives an anion in which the negative charge is not delocalized onto 
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electronegative atoms; consequently, this anion is less stable. Thus, exchange of a colored hydrogen 
occurs because this exchange involves the more stable anionic intermediate. 


PN 1 (x T Г\ [> 
HC NS EN. 29 Нас DN. Ng 29 НС М. „Му „О 
» c L Л. L i. жеч? ч NH 
Hy i id Y HC Sy’ Y B^ Wo 
о o o | 


anionic intermediate involved in the exchange of the colored protons 


The imide hydrogen is also exchanged by a base catalyzed mechanism that involves the conjugate base 
anion of the imide. (Imides, like other 8-dicarbonyl compounds, are acidic; see Problem 22.2 on text p. 


1108.) 
| 4 
"RET Fm — D op ee. 20 
7 б ==” у 4 a » ( ig + "OD 
RL NY " N- ы LN. 
Y H«*— OD үү ҮҮ D 
I 
| | | 
о О oO 
+ H—OD 


(b) Removal of a hydrogen from the black methyl group gives an anion that is stabilized by the polar effect 
of the attached positively charged nitrogen and by resonance interaction with the adjacent double bond. 
However, the resonance structure of this anion (draw it) delocalizes charge to a carbon atom. In contrast, 
removal of a hydrogen from the colored methyl group gives an "anion" which is actually a neutral 
compound; that is, the negative charge is delocalized to the positively charged nitrogen. Such charge 
neutralization is a significant stabilizing effect, and is the reason for the greater acidity of the colored 


hydrogen. 
AS AS 
| {Л | resonance structures of the “anion” 
ZN я PN eA formed by removal of a hydrogen 
№ СН; T CH? from the colored methyl group 
CH; CH; 


(c) The positive charge on the nitrogen activates the carbon-nitrogen double bond towards a nucleophilic 
reaction with hydroxide ion. This forms a tetrahedral addition intermediate that breaks down to a 
substituted formamide А, which then undergoes amide hydrolysis to the products shown in ihe problem. 


CH; CH; CH3 
i К / i , g 
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L^ - кг. PS a М, тл. Е 4 „= 5% 
| A a > | É - он [^ Уо > 
/ OH Ха 7 a pu / ' 
d ~... N SS N SS `~ N 9, 
\ \ \ 
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il eS ~~ NHCH; > ZA _- NHCH3 

> 
НСО + | нон. ^ Сон 
(ionizes under ur МСН; AS NHCH;4 


the basic conditions) 


(d)  2-Pyridone does not hydrolyze because it undergoes a different reaction: ionization to its conjugate-base 
anion. This ionization occurs because the resulting anion is aromatic and is therefore very stable. The 
ion doesn't hydrolyze because the ionized amide is resonance-stabilized and aromatic. Remember that 
the more stable a carbonyl compound is. the slower it hydrolyzes (Sec. 21.7E). 

Furthermore, hydrolysis would require that a second negative charge be introduced into the 
molecule when ОН reacts at the carbonyl group. yButyrolactam is much less acidic; consequently, 
ionization does not compete with the hydrolysis reaction. 


Pt PTS “mam 
E p^ S Ин 
Í | - | < > + нон 
SN СО "N^ Po NU 
= _ М. 
H* OH 


conjugate-base anion of 2-pyridone, 
4n aromatic species 


(e) Тһе reaction of 4-chloropvridine with ammonia is a nucleophilic aromatic substitution reaction that 
occurs readily because the negative charge in the addition intermediate is delocalized to the pyridine 
nitrogen, an electronegative atom, as shown in Eq. 26.436, text p. 1345 (with 2Nuc = : NH; and Y = Cl). 
In contrast, the negative charge in the corresponding intermediate for nucleophilic aromatic substitution 
of 3-chloropyridine can only be delocalized to carbon atoms. (See Eq. 26.43c, text page 1345.) Asa 
result, 3-chloropyridine is much less reactive. 


Step (1) is a nitration reaction. Because 2-pyridone derivatives such as this starting material contain significant 
amounts of their aromatic hydroxypyridine isomers (Eq. 26.38 on text p. 1343), the nitro group can be 
introduced by aromatic nitration. The conditions of step (1) are HNO, and H:SO,. 

Step (2) can be effected with PCl; and heat. (Sce Eq. 26.40 on text p. 1344.) 

Step (3) is a reduction of both the nitro group and the nitrile to amine groups; catalytic hydrogenation is the 
method of choice. Evidently, the chlorine is also removed under the conditions of this hydrogenation. To see 
why this is reasonable, recall that 2-chloropyridines have some of the reactivity characteristics of acid chlorides, 
and that acid chlorides are reduced to aldehydes (that is, the chlorine is replaced by a hydrogen) in a type of 
catalytic hydrogenation (Rosenmund reduction; see Sec. 21.9D of the text). 

Step (4) is an ether cleavage. which can be effected with aqueous H:SO,; water is the nucleophile in this 
reaction. This ether is activated toward cleavage by either an Syl or an S42 mechanism because it is benzylic. 
Neutralization with aqueous hydroxide gives the free amine shown. 

Finally, step (5) can be realized by diazotization with NaNO, in aqueous H:SO,. which converts the 
benzylic amine into a benzylic diazonium ion, and the arylamine into an aryldiazonium ion; nitrogen is rapidly 
displaced from the benzylic diazonium ion by water. Elimination, usually a competing reaction in the 
decomposition of alkyldiazonium ions, is not observed here because there are no &-hydrogens. The 
aryldiazonium ion is also converted into the phenolic hydroxy group by heating the aqueous solution. (See the 
discussion above Eq. 23.45 on text p. 1208.) 


(a) | Bromine adds to the double bond. and KOH saponifies the resulting dibromo lactone. An internal 
nucleophilic substitution reaction then closes the five-membered ring with loss of one bromine as 
bromide ion. (Recall that a-halo carbonyl compounds are particularly reactive in nucleophilic 
substitution reactions; see Sec. 22.3D.) An E2 reaction forms the double bond with loss of the second 
bromine as bromide ion. (This is a very favorable E2 reaction; why? See Sec. 17.3B.) The mechanism 
of bromine addition, not shown below, is exactly analogous to the mechanism shown in Eqs. 5.10-5.13 
on text p. 185; and thc mechanism of saponification, also not shown below, is exactly analogous to the 
mechanism shown in Eqs. 21.9a-b on text pp. 1061-2.) 
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+ OH: 


(b) This reaction begins as an aldol condensation between the conjugate-base enolate ion A of the diester and 
the diketonc. Normally esters undergo Claisen condensations, but, because 1,2-diketones are particularly 
reactive (why?), the aldol condensation is observed instead. Once the two molecules are joined by the 
first aldol condensation, a second aldol condensation by an analogous mechanism closes the ring. 


{ ; - 
^H — OMe 
о O 
CH il Р? 
Ph- C—C— Ph 
* » Ph — ү C—Ph > 
MeO,C = СН = S~ CH,  CO:Me Мео5с— CH- - S— CH5— CO.Me 
A 
OH OH O 
| i dd II 
Ph— C—C— Ph Ph—C—C— Ph 
| ~ ~ 
моу — $— CH; — CO.Me MeO^C- C — S—CH;—CO Me 
H + H—OMe 
OMe 
9 Ph Ph 
intramolecular Уу 
Ph — C—C—Ph | кы 7 \ 
OH + | aldol condensation Ра / À 
MeO4;C — C — S— CH; — CO?Me MeO4C ^ N — CO4Me 
- s - 


(c) The mechanism shown below starts with the enamine formed between the amino group and the carbonyl 
group of 2-butanone. (The mechanism of enamine formation is discussed in Sec. 19.11B of the text.) A 
key step is the nucleophilic reaction of this enamine at the carbon of the protonated carbonyl group. As 
this reaction demonstrates, enamines. like enolate ions, are nucleophilic at the a-carbon. (See part (e) for 
à more extensive discussion of this point.) Note that, although primary amines form imines with ketones, 
imines are in equilibrium with enamines just as ketones are in equilibrium with enols. (See Eq. 19.67a-b 
on text p. 988.) Water is produced as a by-product of enamine formation. The conjugate acid of water, 
Н.О", is shown as the catalyzing acid, but any of the other acids present could also catalyze the reaction. 


ry 
о эн ӧн, E HO Ph 
Z Om. Z E Z Ж CH; 
PO ped e ta 
ч al us хус “и P. i CH; 
н CH; н CH, “He — OH» 
+ OH; 
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| + 


* 
HO Ph H4O *)Ph Ph 
2 CH; 
CH; » : 
= + 
"CN Н 0н y 
Zz 
CH; Sw? Neo, 
+ OH, 
Ph 
| 
: CH 
" ZA "S 3 
H — OH, * х У" 
“уи Му dm 


(d) Imine formation between the amine and опе of the ketone groups is followed by an intramolecular 
electrophilic aromatic substitution reaction in which the protonated ketone serves as the electrophile. 
The mechanism below begins with the imine; the mechanism of imine formation is discussed in Sec. 
19.11S in the text. 


| 
HC ( 
а CH, 
——- 
с 
` N^ “сн, 
f 
É xx " 
нс OH  H--OH» НС ОН» CH 
3 Vl £ 3 А е d 
~ Mig „н OH) 
CH> "aii CH? 22% * 
| 65 | | ——> ——» 
26 Su. 2 Мыз м йч. 
N^ "CH. № “м2 cH, bs db CH; 


N CH; 
(e) Diethylamine serves as a base catalyst: its first function is to form the conjugate-base enolate ion A of 
ethyl acetoacetate: 


1 [| 
H,C—C¢H— COE ap P HC —C—cH—CO.E + Н НЕ) 
3 X 2 3 P 2 
Н HNEG A 
ea J 


The fact that a secondary amine rather than a tertiary amine is used suggests that the role of diethylamine 
is also to form the enamine, which. like an enol, can serve as a nucleophile: 
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( *NEt5 * NEG 
Mal M 
H,C—C=CH—CO,Et <—» НС —С —CH —СО;Е 


enamine is nucleophilic 
at the @-carbon 


Diethylamine can also form an imminium ion by reaction with formaldehyde (Eq. 23.28, text p. 1134): 


Et^NH^ 
EGNH + H.C—O @ К EGN—CH,— OH «4 => EuN-CH, + Н.О 
imminium ion 
The first stage of the mechanism is a crüssed-aldol condensation in which enolate А (or Ше enamine 
shown above) condenses with formaldehyde, (or with the imminium ion shown above). The mechanism 
of the aldol condensation is given in Eq. 22.40b, text p. 1120, and Eq. 22.44, text p. 1121. The product 
of this aldol condensation then undergoes a conjugate-addition reaction (that is, a Michael addition) with 
a second enolate ion À (or a second enamine). Ammonia reacts with one of the ketone functional groups 
to form an enamine, and the ring is closed when the amino group of that enamine forms an 
intramolecular enamine with the second ketone group. (The mechanism of enamine formation is 
discussed in Sec. 19.11B of the text; see the note about the equilibration of imines and enamines in the 
solution to part (c) of this problem.) 


Н НЕ 
0 Michael 9 ы 
CH CHC— СОЕ addon. cu, —C—c—co.E »- 
„| | - 
d CH; iiie CH3— CH — СОЕ! 
А a © ы ° s 
crossed aldol condensation M Rr AT = 
product of ethyl acetua etate CH c—o 
and formaldehyde А c=o сн, 
єн, 
о intramolecular 
EtO4C CH, СО»Е! enamine 
NH, - oe - 2 А ө 
CH,— C— CH— COE —— B .onnaton ^» 
| = enamine | 
CH.—CH—CO>Er tormation 0—C © 
u | : / |: C H3 
C—o CH; EtO4C COsEt 


HC ^ “№” “Сн; 


We leave it to you to complete the similar mechanism with an enamine as the nucleophile. 

(f) The e-nitro group is an essential element in the success of this reaction because its presence makes the 
benzylic methyl hydragens acidic enough to be remove by ethoxide; the resulting anion is resonance- 
stabilized: 


2 < 
<=” 25 <>» LI б.- | + EtOH 
NO; к^? HN 


o-nitrotoluene - 0 :0:7 


w pk aola amiei эй Geert. eel е pabbe ч , elem 


974 


CHAPTER 26 - THE CHEMISTRY OF AROMATIC HETEROCYCLES AND NUCLEIC ACIDS 


In a variation of the Claisen condensation (see Sec. 22.6A), this nucleophilic anion reacts with a carbonyl 


group of diethyl oxalate. displacing ethanol. Like the Claisen condensation, this reaction is driven to 
completion by ionization of thc praduct. For this reason, at least one equivalent of the base must be 
used: 


PTT тоз wr 
> = 
cog ~ Сї Cog < 
NO; в. NO; о 
diethyl 
oxalate 


1 1 
CH, —C—CO,Et €H—C—CO.Et 
Сї + О а= we + EtOH 
NO, NO; 


The anion is neutralized by protonation in acetic acid, and the nitro group is converted into an amino 
group in a separate reduction step. [Catalytic hydrogenation (see Sec. 23.1 IB) is the reduction method 
used here.] The amino group thus formed reacts with the neighboring ketone to yield, after acid-base 
equilibria. an “enamine.” that is. the aromatic indole. 


f T 
E i PE 
Tw. N НОАс T. N H- OAc 
Sno; у Ун, Ü 
B 
“OAc (:б—н 
CH; — C — СОЕ! ; Y 
r " z> gH z> on, z> 
Е 
iiu со i” CO њо 
2 / H 
H 
“OAc 
H й 
Q—COE а= Су-е + HOAc 
N N 
H H 


С 


ethyl 2-indolecarbovylate 


(g) Тһе reaction proceeds by enamine formation (see Sec. 19.11B) followed by an intramolecular Heck 
reaction (see Sec. 18.6A) in the presence of a bridged amine base (DABCO, 1,4- 
diazabicyclo[2,2.2]octane). 
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| | 
CL а „[ е" e T 
.. + 
MOC] н: > 
H Be 
| | Heck Reaction 
-> Pd(0) catalyst : N 
DMF N 
N М H 
+ *BH + “OH 
і 
Ly В: + H;0 
26.51 (a) The pairing of an imine isomer of C with А: 
He MH 
N----H—N N 
= 4 )- Р 3 adenine 
imine isomer ( Мн N / \ ES 


T, 


of cytosine . 
N { \= N =a 
Yo 9 


(b) The pairing uf an enol isumer of T with G. 


H,C Qr oL о N 
| Ы guanine 
enol isomer / by .---H —N NV. N 
of thymine / y NJ 
bX y M 
v^ O-----H —N 
j \ 
H 


26.52 (а) Periodic acid cleaves the cts-2',3'-diol group at the 3’-end of RNA to form a dialdehyde. (Note that only 
the 3‘ residue of RNA contains a 2’,3’-diol.) The presence of an aldchyde carbonyl group makes the 
a-hydrogen at carbon-4' more acidic. Removal of this hydrogen sparks an E2 reaction in which the 
internucleotide bond is cleaved. 


next residue re residue 
О==р—07 О==р—07 
| | 
OCH? о баѕе 91 CH; о base next residue _O base 
нї, (К WS НС 
— y Se OO + \ 
H CH нс / үн єн HC 
| | 
OH он ХЕ" Kd о о 
- - H—OH 


(b DNA cannot undergo this reaction because a cis 2',3'-diol group is needed for the periodate cleavage 
reaction. DNA, of course, has no 2'-hydroxy group at the 3' end, and thus, по 2',3’-diol. 


No рәс of ine = # mary ое .piaaced ar div бей wie оет" Быр л ol ihe publi et * Inm E * b- ' - 


976 CHAPTER 26 - THE CHEMISTRY OF AROMATIC HETEROCYCLES AND NUCLEIC ACIDS 


26.53 Тһе reaction of RNA involves ionization of the 2'-hydroxy group within each residue and reaction of the 
resulting alkoxide ion as a nucleophile at the neighboring phosphorus. This reaction is particularly rapid 
because it is intramolecular; it is an example of neighboring-group participation. (See Sec. 11.8.) Loss of the 
leaving group splits the internucleotide bond. DNA cannot undergo this reaction because the reaction depends 
on the presence of the 2'-hydroxv group to act as an intramolecular nucleophile: DNA lacks this hydroxy group. 
(That is why it is called deoxyribonucleic acid.) 


А, rsa r^ 
OCH, (у base OCH, (у Бае OCH, base 
PS ы 
cx 2 — — 
А7 
о O —H OH о Oo о 
| tJ ne / Y 
O0—P—O ^ O—P-—O O-*—P —O 
| | г 
О —next residue О —next residue —O —next residue 
+ H.0 


O—next residue + 


P 
ы, NS Se 
о О |. 


(hvdrolyzes in base) 
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FURTHER EXPLORATIONS 


27.1 Solid Phase Peptide Synthesis 


The reactions of solid-phase peptide synthesis must be carried out in solvents that solvate the 
Merrifield resin—that is, solvents that interact well with the groups of the resin. If these groups 
are not solvated, reagents in solution cannot penetrate the resin and no reaction takes place. 
Because the polystyrene-based Merrifield resin is essentially a polymeric ethylbenzene, it is 
mostly a hydrocarbon. Yet many of the reactions of solid-phase peptide synthesis involve ionic 
compounds and intermediates. Water and alcohols do not work as solvents in solid-phase peptide 
synthesis because they do not solvate the resin. Dimethylformamide. N-methylpyrrolidone, and 
methylene chloride (dichloromethane) have been found empirically to solvate the Merrifield resin 
adequately anc to dissolve the reagents used in solid-phase peptide synthesis. In fact. when such 
solvents are added to a Merrifield resin, a visually perceptible swelling of the resin bed occurs; 
this is caused by incorporation of the solvent into the resin. 

The use of a cesium salt in Eq. 27.21 on text p. 1393 is related to the requirement for aprotic 
solvents. In DMF, ionic compounds tend to form ion pairs and other aggregates. and carboxylate 
salts have metal-oxygen bonds with a significant amount of covalent character. Yet the alkylation 
shown in this equation is fastest when the carboxylate oxygen has as much ionic character as 
possible, because a carboxylate oxygen with a full negative charge is more nucleophilic and 
therefore reacts much more rapidly in 542 reactions than an ion-paired (or covalently bonded) 
carboxylate oxygen. Because cesium is the most electropositive of the readily available alkali 
metals, its carhoxylate salts have more ionic character than lithium, sodium, or potassium salts and 
hence are most reactive in 5 2 reactions. 


27.2 Reactions of a-Amino Acids with Ninhydrin 


To understand the reaction of ninhydrin with a-amino acids, first notice that two molecules of 
ninhydrin react per molecule of amino acid. Second, notice that ninhydrin is the hydrate of a 
tricarbonyl compound. 
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[9] 
OH 
O+ HO <— » 
OH 
о 


ninhydrin (FE27.1) 


о 


The ninhydrin reaction with a-amino acids is а combination of simpler reactions that you 
have already studied. The first step is the formation of an imine (Sec. 19.11A). In this reaction, the 
amino group of thc amino acid reacts with the central carbonyl group of the tricarbonyl form of 
ninhydrin. (Why is the central carbonyl group more reactive than the other carbonyl groups? See 
Sec. 19.7B in the text.) 


o о 
О + HN —CH —CO; ——» N—CH—CO; + HyO 
| 2* Hs 
\ R R 
о 


ап ітіпе (ЕЕ 27.2) 


This imine is converted into a different imine by loss of CO, (decarboxylation), and the new imine 
hydrolyzes to an aldehyde and an amine. (Recall that imine formation is reversible.) Note that the 
aldehyde bears the side-chain R of the original amino acid. 


ч 


c^ D а 
С \ 
pik W QV ио 
N » СО, + N i» 
an imine 
о 
o 
Ө (FE27.3) 


The resulting amine then forms Ruhemann's purple, the final product, by reacting with a second 
molecule of ninhydrin in another imine-forming reaction. 


[on о 
8 
NH, + O 
Гуа 
formation) 
o [9] 


Ruhemann's purple (FE27.4) 
Simple primary amines also react with ninhydrin to give Ruhemann's purple. The only 


alteration in the mechanism is the loss of a proton instead of decarboxylation in Eq. FE27.3 on the 
previous page. 


tb een et ins mas AIT da-i ЕБУ леа peer n h. үче ли! rr p 


REACTION REVIEW - CHAPTER 27 979 


UU REACTION REVIEW 


1. SYNTHESIS AND OPTICAL RESOLUTION OF a-AMINO ACIDS 


А. ALKYLATION OF AMMONIA 


1. Some a-amino acids can be prepared by alkylation of ammonia with a-bromo carboxylic acids. 


В Хн; 


NH, (large excess). 


——C—CO4H — —CO; + NH, + B 


a. This is an S,2 reaction in which ammonia acts as the nucleophile. 
b. The use of a large excess of ammonia in the synthesis favors monoulkylation. 
2. Multiple alkylation is not a problem for two reasons: 
a. Amino acids are less reactive toward alkylating agents than simple alkylamines because the amino 
groups of amino acids are less basic (nucleophilic) than ammonia and simple alkylamines. 
b. Branching in amino acids provides a steric effect that retards further alkylation. 


B. ALKYLATION О! AMINOMALONA E DERIVATIVES 
1. Another method for preparing a-amino acids is a variation of the malonic ester synthesis. 
о СОЕ! 
| 


| | + 
HiC—C—NH—C—H + X—R => H.N—CH—R + CO, + 2 EtOH + CHiCO;H 


| 
CO3Et x- COE 


2. The malonic ester derivative used is one in which a protected amino group is already in place: diethyl a- 

acetamidomalonate. 

a. Treatment of diethyl a-acetamidomalonate with sodium ethoxide in ethanol forms the conjugate base 
enolate ion. which is then alkylated with an alkyl halide. 

b. The resulting compound is then treated with hot aqueous НСІ ог HBr which accomplishes three things: 

i. The ester groups are hydrolyzed to give a substituted malonic acid. 

ii. The malonic acid derivative is decarboxylated under the reaction conditions. 
iii. The acetamido group. an amide, is also hydrolyzed. 

c. Neutralization affords the a-amino acid. 


CO, Et COLEI 4 

| _ 1) NaOEVHOEt | но 
AcNH—C—CO2Et — В АСМН —C—COSEt » 

| 2R-X | heat 

H R 


ANH айы. + 2EtOH + COST + HOAc 
R 


C. STRECKER SYNTHESIS 
1. Hydrolysis of a-amino nitriles gives a-amino acidsis called the Strecker synthesis. 
H,0* + + 
HaN—CH—C-—N — ——» H,N--CH—CO, + NH, 
l heat | 


2. a-Amino nitriles are prepared by treatment of aldehydes with ammonia in the presence of cyanide ion, а 
reaction that probably involves an imine intermediate. 
a. The conjugate acid of the imine reacts with cyanide under the conditions of the reaction to give the a- 
amino nitrile. 
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b. The addition of cyanide to an imine is analogous to the formation of a cyanohydrin from an aldehyde or 


ketone. 
NH,CI 
O—CH —— — —»  HN—CH > H.N—CH—C=N 
| NaCN | ; Vi 
R R R 


Г). ENANTIOMERIC RESOLUTION OF a- ÀNINO ACIDS 


1. a-Amino acids synthesized by common laboratory methods are racemic; since many applications require 
the pure enantiomers, the racemic compounds must be resolved. 

2. An alternative approach to the preparation of enantiomerically pure amino acids is the synthesis of amino 
acids by microbiological fermentation. 

3. Certain enzymes can Бе used to resolve racemic amino acid derivatives by selectively catalyzing a reaction 
of one enantiomer. 


Il. REACTIONS OF AMINO ACIDS AND SYNTHESIS OF PEPTIDES 


А. ACYLATION AND ESTERIFICATION 
1. Amino acids undergo many of the characteristic reactions of both amines and carboxylic acids. 
a. They can be acylated by on the amino group by acid chlorides or anhydrides. 
b. Their carboxylic acid groups are easily esterified by heating with an alcohol and a strong acid catalyst. 


B. SOLID-PHASE PEPTIDE SYNTHESIS— GENERAL 


1. In a method called solid-phase peptide synthesis, the carboxy-terminal amino acid is covalently anchored to 
an insoluble polymer. and the peptide is "grown" by adding one residue at a time to this polymer. 
a. Solutions containing the appropriate reagents are allowed to contact the resin with shaking. 
b. Atthe conclusion of each step. the resin containing the peptide is simply filtered away from the 
solution. which contains soluble by-products and impurities. 
с. The completed peptide is removed fram the resin by a reaction that cleaves the peptide-resin bond 
2. The advantage of the solid-phase method is the ease with which dissolved impurities and by-products are 
removed from the resin-bound peptide by simple filtration. 
a. The same reagents used in solid-phase peptide synthesis can also be used for peptide synthesis in 
solution, but removal of by-products from the product peptide is sometimes difficult. 
b. In order to avoid impurities, each step in the solid-phase synthesis must occur with virtually 100% 
yield, an ideal that is often approached in practice. 


C. SOLID-PHASE PEPTIDE SYNTHESIS—F MOC PROTECTING GROUP 
1. Ina solid-phase peptide synthesis. the amino group of the amino acids is protected with a special acyl 
group. the (9-fluorenylmethyloxy)carbony] (Fmoc) group. (For complete details, see Sec. 27.6A of the 
text.) 
a. Fmoc-Amino acids are prepared by allowing an N-hydroxysuccinimide ester derivative, Fmoc-NHS, to 
react with the amino group of the amino acid. 


22 
/ о 
NN j о N О 
|| ЗЧ Na4CO; 
CH,0—C—O—N | + H,N—CH—~ O » 
Mes MeOCH5CH5OMe/H5O 
й \ j i (solvent) 
| 
t o 
— 
Fmoc-NHS an @-amino acid 
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Fmoc-amino acid N-hydroxysuccinimide 


b. An S42 reaction between the cesium salt of an Fmoc-amino acid and the chloromethyl group of the 
resin results in the formation of an ester linkage to the resin. 


f Z À тезш 
FmocNH СНС O Cst + CI—CH»; е E — » 
= i DMF (solvent) 
R 
i EN resin 
// N › 
Cs* СГ + ЕтосН СН С O—CH.—_¢ у—; 
\- _/ 4 


R 


2. Once the Fmoc-amino acid is anchored to the resin. the Fmoc-protecting group is removed by treatment 
with an amine base, piperidine, in an E2 reaction. 


Oo 


fj \ resin 

H,O—C—HN—CH—C—0—CH,> So 
E 20% piperidine 

R in DMF (solvent) 


| / N resin 
CH, + CO, + H»N—CH—C—O—CH) ( 
Í = 


resin-bound amino acid 


а. The product of the B-elimination is a carbamate anion. 
b. The carbamate anion decarboxylates under the reaction conditions. 

3. Coupling of the next Fmoc-amino acid to the free amino group of the resin-bound amino acid is effected by 
the reagent 1.3-diisopropylcarbodiimide (DIC) in the presence of I-hydroxy-1.2.3-benzotriazole (НОВІ). 
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О ? resin 
FmocNH T C—OH + у-н=с=н—( Р нл—сн—&—о—сң—( 3d — 
R R = 
Fmoc-amino acid DIC amino acid-resin 

О О resin О 

| i l 
FmocNH — CH— C aliii cd —0—CH; * NH— C — NH 

R’ R 
peptide-resin NN -dicvclohexvlurea (DCU) 


a. Addition of the carboxylic acid group to a double bond of DIC gives a derivative called an 
O-acylisourea. 
b. The НОВ! ester reacts with the amino group of the resin-bound amino acid to form the peptide bond (an 
amide linkage). 
4. The ester linkage used to bind the peptide to the resin is broken by a carbocation mechanism using 50-60% 
trifluoroacetic acid (TFA) in dichloromethane. 


O А O о 
resin resin 
TFA | | J N 
PepN—C—0— CH; CM 3» PepN—C—OH + F4C—C—0—CH; 4 3 
\ М) 
resin-bound peptide peptide 


D. SOLID-PHASE PEPTIDE SYNTHESIS—BOC PROTECTING GROUP 
1. In another method of solid-phase peptide synthesis. the amino group of the amino acids is protected with 
another special acyl group. the tert-butyloxycarbonyl (Boc) group. 
a. The Boc group is introdeced by allowing an amino acid to react with the anhydride di-tert-butyl 


dicarbonate. 
о о о 
p | 1) NaOH || 
ll4N —CH—C—O + Me,CO—C— C—OCMei — - » Boc ҸИ quce OH + CO.,T + MeiCOH 
\ ; Р) \ ‚ 2)H40 ` 
R Y > К 
Boc Boc 


b. The amino group of the amino acid rather than the carboxylate group reacts with the anhydride because 

the amino group is the more basic, and therefore the more nucleophilic, group. 
2. Atthe start of the solid-phase peptide synthesis, a Boc-protected amino acid is anchored to the insoluble 

solid support (called a Merrifield resin) using the reactivity of its free carboxylic acid group. 

a. An S42 reaction between the cesium salt of the Boc-amino acid and the resin results in the formation of 
an ester linkage to the resin. 

b. Once the Boc-amino acid is anchored to the resin, the Boc protecting group is removed with anhydrous 
trifluoroacetic acid. This deprotection step, followed by neutralization of the resulting ammonium salt, 
exposes the free amino group of the resin-bound amino acid, which is used as a nucleophile in the next 


reaction. 
о 1) DMF 
|| ° resin 2) CF,CO;H 
BocNH—CH—C—O Cs" + CI—CH^ —À—— ре 
| $ 3) Et, N 
О 
|| resin 
a a aa 


R 


No pari of 1ћ man ual rr ay be uploaded mired wit cut pe “ern 1 2172 але “о п hi$ ^an aal please sish ^r'ip //Deople o асу puidhe ehui- loudorim/tea 


REACTION REVIEW - CHAPTER 27 983 


3. Coupling of another Boc-protected amino acid to the free amino group of the resin-bound amino acid is 
similar to that of an Fmoc-protected amino acid. 


О о resin 1) DCC/CH;CI, О О resin 
| | | 2) CFCO;H | | 
BocNH— CH— C —OH + H;N—CH—C—0—CH, ЗЕМ = BocNH— CH— C — NH— CH— C — 0— CH; 
| | | | | 
R' R К R 


4. Completion of the peptide synthesis requires deprotection of the resin-bound peptide in the usual way. a 
final coupling step with the amino-terminal Boc-amino acid and DCC, and removal of the peptide from the 
resin. 

a. The ester linkage that connects the peptide to the resin, like most esters, is more easily cleaved than the 
peptide (amide) bonds, and is typically broken by liquid HF. 
b. This acidic reagent also removes the Boc group from the product peptide. 


benzylic ester 


o linkage resi 1) DCC/CH4Cl4 о . 
~| 2) CF4COSH | . ww 
BoNH—CH—C—OH + H N—Pep© тд “= H,N—CH—C—NH—Pep© + [ 
3) HF К 
R R 


lil. ANALYTICALLY IMPORTANT REACTIONS OF PEPTIDES 


A. HYDROLYSIS Ot PEPTIDES; AMINO ACID ANALYSIS 


1. An important reaction used to determine the structures of unknown peptides is hydrolysis of the peptide 
(amide) honds of a peptide to give its constituent amino acids. 
2. When a peptide or protein is hydrolyzed, the product amino acids can be separated. identified, and 
quantitated by a technique called amino acid analysis. 
a. In the method most commonly used today, the amino acids in the hydrolyzed mixture are allowed to 
reacted with AQC-NHS to form AQC-amino acids. 


H 9 о 
| / pH 9 
Z „Эъ e ы " HN C Ns 
| Ü | 7 H20 
> ÁÀ > — 
N^ MZ 7 К 
1-[[(6-quinolylamino)carbonyl]- a@-amino acid 
oxy|-2.5-pyrrolidinedione 
(AQC-NHS) 
О 
H H О \ 
) 
N N C чы, 
i | E ee O^ +  HO—N 
| | 7 
о R 
> u^ 1 // 
А о 
AQC-amino acid N-hydroxysuccinimide 


i. The mixture of AQC-amino acids are separated by passing them through a C18 HPLC column under 
very carefully defined conditions; the time at which each derivatized amino acid emerges from the 
column is accurately known. 

ii. The AQC-amino acids with the greatest hydrocarbon character are cluted last. 

iii. The AQC group is fluorescent; the absorption of light at 254 nm (UV detector) or emission of light at 
395 nm (fluorescence detector) is used to determine the relative amounts of each amino acid present. 
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b. Ina second and older method. the amino acids in the hydrolyzed mixture are separated by passing them 
through a cation-exchange column under very carefully defined conditions; the time at which each 
amino acid emerges from the column is accurately known. 

i. As cach amino acid emerges. it is mixed with ninhydrin to give an intense blue-violet dye called 
Ruhemann's purple: the intensity of the resulting color is proportional to the amount of the amino 
acid present. 


? ? 
2 А N A 
«Ху он -H20 "m X 
ninhydrin X i To ae ur | y—O 

NM A i “OH H,O СЕ: 8р. 

NV 4 4 м N 

\\ \ 
O O 


9 
/ / \\ о 
d i ( " ZONE N Cs. || 
2 | —O + Н;М—СН —С05 > | %5—м== | + CH + COST + H,O* 
Nn ~ yo A Z 


чу” , i» D 
\\ I \ / } 
\\ : \ 1] " 
Oo о о 


Ruhemann's purple 


ii. The color intensity is recorded as a function of time: the area of the peak is proportional to the 
amount of the amino acid. 

c. Mass spectrometry may be used to determine the sequence of short peptides since peptides undergo 
residuc-by-residue fragmentation. in many cases from both ends simultaneously, in a mass 
spectrometer. 

3. Amino acid analysis can determine the identity and relative amounts of amino acid residues, but not their 
relative orders within a peptide. 


B. SEQUENTIAL DEGRADATION OF PEPTICES 


1. The actual arrangement, or sequential order, of amino acid residues in a peptide is called the amino acid 
sequence, or primary sequence. of the peptide. 

2. Itis possible to remove one residue at a time from the amino end of the peptide, identify it, and then repeat 
the process sequentially on the remaining peptide; the standard method for implementing this strategy is 
called the Edman degradation. 

a. The peptide is treated with phenyl isothiocyanate (Edman reagent). with which it reacts at its amino 
groups to give a thiourea derivative. (Only the reaction at the terminal amino group is relevant to the 
degradation.) 

b. Any remaining phenyl isothiocyanate is removed, and the modified peptide is then treated with 
anhydrous trifluoroacetic acid. 

c. The sulfur of the thiourea, which is nucleophilic, displaces the amino group of the adjacent residue to 
yield a five-membered heterocycle called a thiazolinone: the other product of the reaction is a peptide 
that is one residue shorter. 

d. When treated subsequently with aqueous acid, the thiazolinone derivative forms an isomer called a 
phenylthiohydantoin (PTH). 

e. Because the PTH derivative carries the characteristic side chain of the amino-terminal residue, the 
structure of the PTH derivative identifies the amino acid residue that was removed. 

1) pyndine/H50/Me4NPh 

(gives the thiourea derivative) 


2) CF,COSH 


| 
Ph-—N—C—S + H3N—CH-—C-—NH — РерС 
phenyl isothiocyanate R 
(Edman reagent) 
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Ph — NH S Ph 
MEN V 
Ji 3 н.о“ ] N а phenylthiohydantoin (PTH) 
: 3 КАЙС 
НМ—РерС + N = — ON = derivative of the 
P V =O H NN p >O amino terminal residue 
peptide | f 
shorter by one residue R R 


a thiazolinone 


In practice, this type of analysis is limited to 20-60 consecutive residues because the yields at each step are 
not perfectly quantitative; hence, an increasingly complex mixture of peptides is formed with cach 
successive step in the cleavage. and after a number of such steps the results become ambiguous. 

The most common sequencing method used today involves proteolytic cleavage of larger peptides into 
smaller peptides (see C. and D. below) followed by sequencing of the smaller peptides with tandem (MS 
MS) mass spectrometry. 


C. SPECIFIC CLEAVAGE OF PEPTIDES INTRODUCTION 


The amino acid sequence of most large proteins is determined by breaking the protein into smaller peptides 
and sequencing these peptides individually. (The sequence of the protein is reconstructed from the 
sequences of thc peptides.) 

When breaking a larger protein into smaller peptides. it is desirable to use reactions that cleave the protein 
in high yield at well-defined points so that a relatively small number of peptides are obtained. 

One method uses ordinary chemical reagents; another method involves the use of enzymes to catalyze 
peptide-bond hydrolysis. 


D. PEPTIDE CI FAVAGF WITH PROTFOI YTIC ENZYMFS 


2. 


A number of enzymes (called proteases. peptidases, or proteolytic enzymes) catalyze the hydrolysis of 
peptide bonds at specific points in an amino acid sequence. 

One of the most widely used proteases is the enzyme uypsin, which catalyzes the hydrolysis of pepüdes or 
proteins at the carbonyl group of arginine or lysine residues provided that: 

à. these residues are not at the amino end of the protein. 

b. these residues are not followed by a proline residue. 

Because trypsin catalyzes the hydrolysis of peptides at internal rather than terminal residues, it is called an 
endopeptidase: enzymes that cleave peptides only at terminal residues are termed exopeptidases. 
Chymotrypsin. a protein related to trypsin, is used to cleave peptides at amino acid residues with aromatic 
side chains and, to a lesser extent. residues with large hydrocarbon side chains: thus, chymotrypsin cleaves 
peptides at Phe. Trp. Tyr, and in some cases Leu and Пе residues. 
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SOLUTIONS TO PROBLEMS 


Solutions to In-Text Problems 


27:1 The peptide is drawn in the form that exists at neutral pH. 


(a) The structure of tryptophylglycylisoleucylaspartic acid: 
о о о о 
+ M II ! 
HjN —CH —C — NH—GHs —C — NH—CH —C —NH —GH —6—0O 


CH, CHCH} CH, 

= CH CH, с=о 
ЖУ ie : 
@ \ / О 


ryptophylglycylisoleucylaspartic acid 
(Trp-Gly-Ite-Asp, or W-G-I-D) 


(b) Тһе structure of Glu-Gln-Phe-Arg: 


o0 0 o о 
+ П il i 
H,N— CH—C— NH —CH;— NH—CH —C—NH—CH—C— 0^ 
CH; CH, єн, CH, 
| | 
CH, CH, CH, 
- | кы: | сы NH) 
sE. 2f. | сн›—кн—‹ 
O^ ^O O^ “кн, М2 \ 


Glu-GIn-Phe-Arg 
(ghutamviglutaminylphenylalanylarginine. ог E-Q-F-R) 


27.2 This peptide is His-Ile-Tyr-Met-Ser (histidylisoleucyltyrosylmethionylserine, or H-I-Y-M-S). 
273 (a) (b) 
[protein] -N A~ [É]-CH,SH or [E]-SH 
\ „Н - 
FA N ( (E] - enzyme) 
[protein |—c 
Y 


27.4 Three more of the many possible configurations of а-атіпо acids in addition to the ones shown at the beginning 
of Sec. 27.2 on text p. 1378. 


HN H R H CO; 
` V | \/ 
R^ “00; ос NINH R^ “мн, 
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27:5 (a) L-isoleucine: 


L-isoleucine 
(25. 35) 

(b) — As noted on text p. 1379. the “allo” version of amino acids retains configuration at the a-carbon. So. it 
must be the side chain of isoleucine that has the opposite configuration from the side chain of L- 
isoleucine. L-Alloisoleucine has the 25 configuration, that is, the same configuration at the a-carbon as L- 
isoleucine, but has a different configuration at the 3-carbon. 


L-alloisoleucine 
(25. 3R) 


21.6 (a) The a-carbon of L-cysteine has the А configuration. 


HN H 


M Сө: 


L-cysteine 
(b)  Interms of the sequence rules for determining configuration. the two carbons attached to the a-carbons 
of cysteine or serine can be represented as C(O.O.O) and C(X.H.H). where X = S or О, respectively. 
When X = S (cysteine), the latter carbon receives priority. When X = О (serine), the former receives 
priority. Sulfur receives priority over oxygen because it has higher atomic number, and the priority is 
decided at the ftrst point of difference. (See Sec. 4.2B of the text.) 


H3N H с 
но. М. 
CO; 
L-scrine 
27.7 (a) 
[Ж = 1.8] [рК =9 2| 
ні сн сон ж—©-= нй сн со atte VEM EMO + f HN—CH—CO; 
3 | ТЕ J | но? 3 | 2 He 2 | 2 
CH, CH, CH, CH, 
2 AA e е 
i / = y / 
N- NA kerei № N- 
H H H H 
A B C D 


(b) A plot of the fraction of each species shown in part (a) as a function of pH is shown on the next page. 
The pH at which any two species are present in equal concentrations is noted. 
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(c) 


(a) 


(b) 


fraction present 


0.2 


0.0 


The amino group of tyrosine can be protonated. and both the carboxy group and the phenolic O—H 
group can be ionized. 

At pH 6, the net charge on tyrosine is zero. A pH value of 6 is below the pK, of the conjugate acid of the 
amino group. and the amino group is therefore protonated: a pH value of 6 is above the pK, of the 
carboxy group. which is therefore ionized: and a pH value of 6 is below the pK, of the phenolic O—H 
group. which is therefore un-ionized. 

The structure of tyrosine in aqueous solution at pH 6: 


[0] 


HjN— єн -C—0: 
CH, 


The isoelectric point of A-K-V-I-M (Ala-Lys-Val-Ile-Met) is approximately the same as lysine, since it 
is the only ionizable side chain in the peptide. Therefore, its isoelectric point is about 9.82. The 
isoelectric point of G-D-G-L-F (Gly-Asp-Gly-Leu-Phe) is about 2.76, because it contains an acidic side 
chain, aspartic acid. 

In the major neutral form of A-K- V-1-M. the amino terminal amino group is un-ionized and the side 
chain on the Lys is ionized because it has the lower pK, of the two amino groups (Table 27.1, text p. 
1376). This form would exist at a pH between the pK, values of the two amino groups. That is. the pH 
at which this neutral form predominates is relatively basic. (See Sec. 27.3B.) 


О О 0 О О 
HN — сн—б—нн— oe сн мн сн кн сн—6—0- 
CH; qua lucu, by, (СН;); 
*NH; CH(CH3)) SCH; 


In the major neutral form of G-D-G-L-F, the side-chain carboxy group of Asp is un-ionized and the 
carboxy-terminal carboxy group is ionized because it has the lower pK, of the two carboxy groups (Table 
27.1. text p. 1376). This form would exist at a pH between the pK, values of the two carboxy groups. 
That is, the pH at which this neutral form predominates is relatively acidic. (See Sec. 27.3B.) 
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о О о О о 

H3N cH, —nH— on NOE UN CH D LC сн—б—о- 
m Сн, " 
is Снн), А 


Notice that the major neutral form of a peptide (such as these) may not be the form that predominates at 
neutral pH. 


The general rule of thumb is that if the peptide contains more acidic than basic groups it is an acidic peptide; if 
it contains more basic than acidic groups it is a basic peptide: and if the number of acidic and basic groups are 
equal. the peptide is neutral. (An acidic group is a group that is in its conjugate-base form at neutral pH. such as 
a carboxy group: a basic group is a group that is in its conjugate-acid form at neutral pH. such as an amino 
group.) 


(a) Тһе peptide is neutral because it contains one basic group (the terminal amino group, which is protonated 
at pH 6) and onc acidic group (the terminal carboxy group. which is ionized at pH 6). Its net charge at 
pH 6 is 0. 

(b) This peptide contains three basic groups: the a-amino group of the amino-terminal residue Leu and the 
side-chain amino groups of the Lys residues. The peptide contains one acidic group: the carboxy group 
of the carboxy-terminal Lys residue. Because the peptide contains тоге basic residues than acidic 
residues: it is a basic peptide. Its net charge at pH 6 is +2. 

(c) Acetylation eliminates the basicity of the terminal amino group. The peptide contains two basic groups 
(the Arg residues) and two acidic groups (the Asp residue and the terminal carboxy group). Thus, the 
peptide is neutral and its net charge is 0. 

(d) This peptide contains three acidic groups: the side-chain carboxy groups of the Asp and Glu residues and 
the carboxy group of the carboxy-terminal lle residue. The peptide contains two basic groups: the 
a-amino group of the amino-terminal residue Glu and the side-chain amino group of the Lys residue. 
Because the peptide contains more acidic residues than basic residues, it is an acidic peptide. Its net 
charge at pH 6 is –1. 


(a) A resin containing a cationic group will serve as an anion exchanger. A quaternary ammonium salt is a 
suitable cationic group: 


CH4— CH— CH4— CH — CH4— CH 


+ “ме; + NMe, 


(b) The ion-exchange column is positively charged, as shown by the solution to part (a). At pH 6, the 
peptide A-V-G has a net charge of zero, is not retained by the column. and will emerge first; the peptide 
D-N-N-G has a net charge of -1, is retained by the column and will emerge next: and the peptide D-E-E- 
G has a charge of —3, is most strongly retained by the column, and will emerge last. 


(a) X Alkylation of ammonia by a-bromophenylacetic acid will work. particularly since the alkyl halide is 
benzylic. 


ХН; (large excess) - 
ак —— > PhCHCO; 


Bi *NHy 


а bromophenyl & -phenylglycine 
acetic acid 


The acetamidomalonate method would not work because it would require alkylation of a malonate anion 
by bromobenzene. Bromobenzene does not undergo Sy2 reactions. The Strecker synthesis would work. 


лче wr ru nina dte з je 9t ains 


990 CHAPTER 27. AMINO ACIDS, PEPTIDES, AND PROTEINS 


1) conc. HCl. HO 
PhCH--O + 'NH,CI + Na'^CN вә PhCHNH, Oe >» PhCHNH; 
| ^ 2)neutralize | 
benzaldehyde CN CO, 
&-phenylglvcine 
(b)  Allthree methods would work in principle for leucine. 


Alkylation of ammonia: 


МН, (excess) 2 
(СН КЛЕН NSPE —» (CH: EHC ReO 


B *NH; 
2-bromo-4-methylpentanoic acid leucine 
Acetamidomalonate method: 
о 1) NaOEt. EtOH о 1) H30*. Н.О. heat 
CH, NHCH(COS Ep, 2 €Hx:CHCHOBI A сн, Р QE. 2) NaOH (dilute) К 
CHCHCHj); CHCHCH 3) 


Strecker synthesis: 
1) сопс НСІ. H;:0 
(CHi)SCHCHSCH—O + 'NH4CE. + Na* СК - 3 (CH 0»3CHCH5CHNH. рем > 
2 a z "| * 2) neutralize 
3-methylbutanal CN 


(CH ))CHCH»CHNH; 
со; 


27.13 (а)  Tosylchloride. the acid chloride of a typical sulfonic acid, reacts in the same way as other acid chlorides. 


о о 
«СН )9CHCHSCHNH , t + i cas а Е (CHi9CHCH49CHNH —S — Noa, 
co; о = Cost о = 
leucine tosyl chloride N-tosvlleucine 


(b)  Alanine is esterified to give its methyl ester: 


CH,CHNH, 
COCH; 


alanine methyl ester 


27.14  Polyglycine results from aminolysis of the ester group on one molecule by the amine on another: 


о о о [0] 
| | -CHiOH || і! СНОН 
H,NCH,COCH, H»NCH,COCH, ——————» H.NCH.C —NHCH.COCH, — = _ig., 
MUT д : Ser -74 + HaNCH3COQCH, 
o о o 


| 
HsNCH3C —NHCH3C —NHCH3COCH, | ——® etc. 


In this reaction the amino group of glycine acts as a nucleophile. In acidic solution the amino group of glycine 
is protonated and cannot act as a nucleophile; hence, the reaction does not occur. 


27.15 If the average yield of each step is Y, then the yield of the first step (assuming it is average) is Y; the yield of the 
second is У-У; and that of the ath step is Y". Hence, 


y^ = 0.17 
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27.16 


24217 


27.18 


369 log Y = log 0.17 = -0.7696 
log Y = 0.0021, or Y = 0.995 


Therefore, the average yield of each step is 99.5%! 


The high yield of each step demonstrates two points about peptide synthesis. First. i! has been 

п» developed into а remarkably efficient process. The second point. however. is that суеп with 
yields in excess of 99%, the overall yields of large proteins prepared by this method will be 
extremely small. Furthermore. these will be contaminated by large numbers of impurities that 
will be difficult to separate from the desired material. Fortunately, genetic-engineering 
methods (which you will study if you take biochemistry) allow scientists to prepare pure 
naturally occurring proteins in large amounts. At the present time, the chemical synthesis of 
peptides is most useful for the preparation of peptides containing about 2-50 residues. although 
a few noteworthy successes have been achieved in the synthesis of larger peptides and some 
proteins. Furthermore. chemical synthesis can provide peptides that contain modified or 
unnatural amino acids that cannot be produced by the biological methods. 


The box on text p. 1391 shows that solid-phase peptide synthesis requires about three synthetic steps per 
residue. Hence. about 300 steps are required for the synthesis of a protein containing 100 amino acid residues. 
If the average yield of cach step is Y, then 


y" 20/0 
300 log У = log 0.50 = -0.3010 
log Y = 0.001003, or Y = 0.998 


Thus. an average yield of 99.8% per step would he required. 


If you used 100 steps for your calculation, the average yield is 99.3%. Either way. the yield 
must be nearly perfect at each step to achieve even a 50% overall yield. Notice that, because 
there are so many steps. a drop of a small fraction of a percent in average yield per step has a 
large effect on the overall yield. 


(a) The reactivity of the esters is related to the stability of the leaving group. The more stable the leaving 
group. the more reactive the ester. The less basic the leaving group, the more stable it is. Weaker bases 
come from stronger acids. Therefore. the hase (leaving group) with the conjugate acid that has the lowest 
pK, will be the weakest base. and the ester of that base will be the most reactive. Therefore, the order of 
reactivity (least reactive to most reactive) is C< D <А < В. 

(b) 


О o О 


| | | 
СН(СНн;))5›С—ОВ! + H,N—CH,—C—NH, ——> CH3(CH3; C— NH —CH;—C— NH; + НОВ! 


=O 


givcinamide 


(a) | Because lysine contains two amino groups. both must be protected in order to prevent nucleophilic side 
reactions, such as the reaction of the amino group of one lysine molecule with the DIC-activated carboxy 
group of another. 

(b) Тһе 20% piperidine step removes both Fmoc protecting groups. Hence, both amino groups react in 
suhsequent acylation reactions. (The Lys residue is drawn in more structural detail for clarity.) 


о O o 
| 
Gly — NHCHC — Ala Ha ali Ala Gly — NHCHC — Ala 
CH2), (CHa), єн.) 


NH> NH — Gly NH — Gly 
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27.19 (a) | Compound A results from the Sy2 coupling reaction to the resin (analogous to Eq. 27.21 on text p. 1393), 
and compound В results from deprotection of А: 


o О 
| 1 d 
FinocNHCH3C — O— CH, —4 HNCH C —O— CH, —4 
\ B 


Compound C is the coupling product that results from coupling of the lysine derivative reacting at its 
carboxylic acid group with the free amino group of B. and compound D results from removal of the 
Fmoc protecting group. but not the Boc group, from compound C. 


o o о о 
FmocNH — CH —C —NHCH;C —0 — CH} — $ HN —CH —c— хнен,! —O—CH, — 
CH), (CH), 
NHBoc Aia: 
C D 


Compound Е results from coupling of the carboxy terminus of Boc-Val with the free amino group of D. 
Peptide P results from both removal of E from the resin and removal of the Boc group. 


о o о 
Il | 


| 
BocVal — NH Б а —C — NHCH5€ — О СН» Val—Lys—Gly + — F4C—C—0—CH5 i 


anny 


(CH), P 0 
NHBoc + СО» + Е,С—С—О—С(СН)); 
E (from reaction of tert-buty 


cation of thc Boc group with 
trifluoroacetic acid) 


Note that the tripeptide P is in the di-cationic. amino-protonated form as a result of the acidic 
deprotection conditions. The neutral (zwitterionic) form would be obtained by neutralization. 

(b) The Boc group prevents the side-chain amino group of lysine from reacting with the carboxylic acid 
group of another molecule of itself under the coupling conditions. Also, it remains intact when the 
amino-terminal Fmoc group is removed with piperidine. The lysine side-chain thus remains protected in 
the subsequent coupling step as well. 

(c) _ Boc-Val introduces a protecting group that can be removed at the same time as the peptide is released 
from the resin. Use of Fmoc-Val would require an additional deprotection step with 20% piperidine. 


2720 (a) As shown by Table 27.2 on text p. 1401, there often exists more than one MRNA code for each 
individual amino acid. So. for any given peptide. there is likely to be multiple mRNA sequences. Thus, 
the code for this peptide would start with cither of the two codes for Phe, followed by any of the six 
codes for Arg. followed by any of the four codes for Gly, followed by either of the two codes for His, 
and terminated by the single code for Trp. Therefore, there are 96 possible codes (2 x 6 x 4 x 2x 1) for 
this peptide. An example is UUU-CGU-GGU-CAU-UGG. 

(b Тһе DNA codes are complimentary ta every RNA cade, as listed on text p. 1400. Thus, there are 96 
possible DNA codes. The complimentary DNA strand to the mRNA strand listed in part (a) is AAA- 
GCA-CCA-GTA-ACC. 

(c) The mRNA code for Trp, from 5' -> 3', is UGG. The tRNA code is then ACC. 
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2721 (a) (b) 
О H 
hypoxanthinc Yad uracil hypoxanthine H adenine 
H O---H { x H H O---H { H 
N RT F) N rs | bee Na uU 
№2 ez = 
ET 4 \ / Е \ £7 
T yc C—N T 2. bed 
EX & N—H---0 C C N—H---N М 
Tite NN BOX / € 
N=C N=C =N 
H 
Cl’ of deoxyribose Cl’ of deoxyribose 
CI' of deoxyribose C1 of deoxyribose 


27.22 (a) Тһе amide group of Asn hydrolyzes to give ammonium ion and Asp. Consequently, Asn appears in 
amino acid analysis as Asp. 
(b)  Glu and Gln are not differentiated by amino acid analysis because the side-chain carboxamide group of 
Gin. like that of Asn in part (a). is hydrolyzed; that is. Gln is converted into Glu. 


27.23 The indole side-chain of tryptophan is very hydrocarbonlike, more so than the side chain of any other amino 
acid. [Recall (Sec. 26.2 of the text) that pyrrole and indole are neither basic nor acidic.] Hence. we would 
expect to see AQC-Trp emerge on the far right of the amino acid analysis chromatogram. beyond AQC-Tyr. 


27.24 Тһе side chains of these amino acids as well as the a-amino groups are nucleophilic. Hence, they are acylated 
as well by AQC-NHS. The structures of these derivatives are as follows, with the carboxylic acid group in its 
ionized form: 


о о 
е NH—C.. m A A |: Kaas eA 
id f RY NHCH — CO3 i diis NHCH —CO; 
| 
Р. z (CH, Pages. ee “Н. 
^N ^ NZ | 2)4 SN A пе < н, 
NH s 
| / 
2С. >С. 
07 NH O7 NEL 
Fn А. SLA 
| | | 
| | Z Le » й 
АОС Јуѕіпе АОС -суѕгеіпе 


27.25 Trypsin catalyzes the hydrolysis of peptides or proteins at the carbonyl group of arginine (R) or lysine (К) 
residues. Therefore, the peptide E-R-G-A-N-1I-K-K-H-E-M would produce the following peptides upon trypsin- 
catal yzed hydrolysis: 


(1) E-R (2) G-A-N-I-K (3) К (4) K-H-E-M (5) H-E-M 


Peptides (2) and (4) originate by hydrolysis at the peptide bond hetween the two K residues. Peptides (3) that is, 
К. and (5) originate from hydrolysis at the peptide bond between the К and Н residues to give G-A-N-I-K-K 
followed by hydrolysis at the C-terminal peptide bond of this peptide. However, peptide (5) does not originate 
from (4). because, when a lysine residue is at thc amino terminus of a peptide. the hydrolysis of its peptide bond 
is not catalyzed by trypsin. (Trypsin is an endopeptidase.) 


27.26  Trypsin catalyzes the hydrolysis of peptides or proteins at the carbonyl group of arginine (Arg. R) or lysine 
(Lys, К) residues, provided that these residues are (a) not at the amino end of the protein. and (b) not followed 
by a proline residue. Since T7 contains an R residue, the carbonyl terminal of T? must be an R and T} must be 
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(A.F.S)- R; since 72 contains а К residue. the carbon terminal of 72 must be a К and 72 must be (G.1)-K: and 
thus 73 must be at the carbonyl terminal of Q and the amino terminal cannot be a P. 


trypsin 
О —— —- (АҒА + (GI/K + (GNPY) 
Ti 12 T3 


Chymotrypsin cleaves peptides al phenylalanine (Phe, Б). tryptophan (Trp. W). tyrosine (Tyr. Y), and 
occasionally, at leucine (Leu, L) and isoleucine (Ile, D. Since C7 contains a Y residue, the carbonyl terminal of 
C] must be a Y and C/ must be (A.N.R.S)-Y: since the dipeptide C2 contains an F residue. the carbonyl 
terminal of C2 must be an Е and C2 must be K-F; and since C3 contains an I residue. the carbonyl terminal of 
СЗ must be an | and C3 must be G-I. and thus 72 must be G-I-K. 


chymotrypain 
(AN.R.S}-Y + КЕ + GI + (GP) 


С! C2 єз C4 


Since C2 is K-F and T/ contains an F residue while 72 contains a K residue, that means that those two peptides 
are linked as 72-77 to give G-I-K-F-(A,S)-R. With that information, СЇ must be (A,S)-R-N-Y. Thus, 73 must 
be N-Y -(G.P) and Q is G-I-K-F-1A.S)-R-N-Y-(G,P), where the order of (A.S) and (С.Р) are uncertain. 
(Although it is not mentioned in the text, chymotrypsin does not catalyze the hydrolysis of peptides in which 
proline is at the C-terminal side of the cleavage point. Hence. it is likely that the sequence of peptide C4 is G-P.) 


(a)  b-Type fragmentation of the peptide N-F-E-S-G-K would produce the following m/z values. In this 
notation, each amino acid letter represents a residue (that is, —NH—CHR—CO— ). Therefore, the H— 
must be added to indicate the additional hydrogen at the amino terminus H3N—-, and one mass unit must 
be added to the corresponding residue mass. 


H—N = 1114.0 = 115.0 
H—N-F 1+114.0 + 147.1 = 262.1 
H—N-F-E © 1114.0 + 147.1 + 129.0 = 391.1 
H—N-F-E-S © 1+114.0 + 147.1 + 129.0 + 87.0 = 478.1 
H—N-F-E-S-G ә 1+114.0 + 147.1 + 129.0 + 87.0 + 57.0 = 535.1 


H—N-F-E-S-G-K—OH © 1+114.0 + 147.1 + 129.0 + 87.0 + 57.0 + 128.1 + 17.0 = 620.2 
(b) The fragmentation occurs in the following way. 


H—N—F—E—S—G—K—OH 


The “Н; at the amino terminus of each fragment that follows represents two protons added to the 
residue itself to give the protonated terminal amino group indicated in the problem. For example, the 
residue mass for К includes a terminal —NH—-; а К residue with an amino group at the amino terminus 
is then H—K; and a protonated amino-terminal К residue is HK. with a positive charge on the nitrogen. 
The following fragments should be observed: 


[H,K—OH][* © 147.1 = y, 
[H2G—K—OH][' % 204.1 = у, 
[H»S—G—K—OH]* © 291.1 = у; 


[H;E—S—G—K-—OH[' © 420.1 = y, 
[H.F—E—S—G—K—OH]* © 567.2 = у; 
[H;N—F—E—S—G—K-—OH|* © 681.2 = М + 1 
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27.28 (a) 
ÓH Он 
а : | 
—NH--CH--C—NH— —» —NH=CH + :С— М — 
[ U 
CH;Ph CH;Ph 
miz = 551.94 
(b) Тем + 1 ion (shown here protonated on the —OH group of the carboxylic acid) loses water to give an 
acylium ion. which is the ion of interest. Although carboxylic acids are normally protonated on the 
carbonyl group. the small amount of the form shown here, once formed, is very unstable. 
О :0: dM 
| (x 1.2 I Р 
— МНСН— С — Н —> SEM We +» — МНСН— С + H0 
` 
R R 
m/z = 710.97 
(с) Two conceivable mechanisms for forming Н» аге the following: 
Mechanism (1): 
HO A А 
+ 
с==0--н с=0 
Peps An) = Pep" = Я 4 + Hy 
rg CH= SCH; 
H Ссн, тіс = 727.09 
The mechanism could be tested by labeling the CH. group adjacent to the sulfur with deuterium. Then. if 
this fragmentation occurs, a loss of DH (љи: = 3) would confirm the hypothesis. 
Mechanism (2): 
HO, f^ HO 
с=б--н 0 ‘c=6 
Poa СУ, 
Pep" — C —N— C-^H —- Pep! —ÉC—N—C Tr 
"n X HE ON 
CH;CH;SCH, CH,CH,SCH, 
miz = 727.09 
This mechanism could be tested with a peptide in which the a-hydrogen is replaced by D. The indicated 
fragmentation would result in the loss of 3 mass units. 
It is relevant that the loss of Ha occurs in many peptides: a C-terminal methionine is not necessary. 
This observation makes mechanism (2) more likely but does not rule out mechanism (1) as a contributor 
for this particular peptide. 
27.29 (a) Тһе amino group serves as a nucleophile in an addition to the isothiocyanate. 
^ = о [9] 
via TS Р Il + || á 
42 Же. .NCHCNHPe к — C-N А 
PhN— C—S Н,ХСНСМНРер > PhN—t LA HCNHPep Me ;NPh » 
R H.R sor 
Lad if 
Me NPh PhN — C NHCHCNIIBe І B® MeSNPh + РЫХ С NHCHCNHPepC 
T R H R 
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(b) The sulfur serves as the nucleophile in an intramolecular nucleophilic acyl substitution reaction. The 
following mechanism begins with the carbonyl-protonated thiourea derivative. 
Оон OH OH 
[ $ : s- э 
‚5 — NuPep! с = нрерс С NHPef 
PhNH—C ^7 » PhNH —C | zo РАМН —С -R 
» „СНЕ \ „СНЕ \ „СНЕ Н 
N #К (proton N 
transfer) 
H H 
+ | 
0—H* о 
S TO 
С TU. OsCCFE i E 
HNPep^ + PhNH —C —— — PhNH -C + H—O.CCF, 
= & CHR \ CHR * 
(protonated N N 
under the 
acidic conditions) 

(c) Water serves as a nucleophile in opening the thiazolinone. and nitrogen of the resulting thiourea serves as 
the nucleophile in closing the ring to the PTH. The mechanism below begins with the carbonyl- 
protonated thiazolinone. 

fon oH OH 
23 b UM. 
r Cw aa: н € —oH 
PhNH —C OH; — 2» PhNH —C С \ »»PhNH —C — > 
CHR \ СНЕ Н oH, \ UCHR 
N N е AN. 
d thiazolinon ( | : 
rot at JZolinone ` 
protonate i oy | OH. 
„Он OH _ *OH 
50 / PhNH |, — 
n 1C-OH ;j C€-—oH у *C—OH 
OH, + PhNH—C ` 1 — ——» PhNH —C = S—C | — 
ч WX, CHR CHR \ СНЕ 
SN Р : 
H 
н он OH AL. 
2. a С) O—H Он,» о 
PhN g: PIN -e PhN ~ N 
у e-on Y =c- on Pie m. | 
Semc » s—c "—S—C | »$—C + Н —OH 
х „сик Ж \ cu \ CHR CHR , 

N (proton N \ N N 

| transfer) | R | 

H H H 

27.30 (a) 


As Eq. 27.42a on text p. 1415 as well as its mechanism in the solution to Problem 27.29(a) shows, the 
Edman degradation depends on the presence of a free terminal amino group in the peptide. Because this 
group is blocked as an amide in acetylated peptides, such peptides cannot undergo the Edman 
degradation. 


(b) N-Acylation of peptides and proteins has no adverse effect on sequencing by MS-MS because it just 


another amide bond. Thus, typical b-type and y-type cleavage will still occur. 
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27.31 (a) 
| 
dn 
сно )-o-t-o 
NH o7 
a phosphotyrosine residue 


in a protein 


(b)  Tyrosine contains an acidic phenolic group unlike serine and threonine. The equilibrium constants for 
the formation of ordinary aryl esters are considerably less favorable than the equilibrium constants for 
the formation of alkyl esters, and the same is truc of phosphate esters. The reason 15 that the conjugate 
base of a phenol is less basic and is therefore a poorer nucleophile and a better leaving group. Therefore, 
the equilibrium constant for the formation of a phosphotyrosine residue from ATP would be less than the 
Keq for the phosphorylation of a serine residue. 


27.32 The compound is shown in its ionization state at pH = 7.4 (physiological pH). (Refer to the configuration of L- 
threonine on text p. 1379.) The configuration that is naturally occurring in proteins is assumed. 


о HN H 
l i 
-0—P—0. 
c^ co; 
o [| 
H CH, 


1.-phosphothreonine 


27.33 
CH, 
HO $ 
H н... 
o=% ^" M 
H 
HC protein 
27.34 (a) 


(b) Тһе Mn^* ion likely stabilizes the phosphate anhydride group in the UDP-leaving group (see Sec. 25.70 
of the text). 


27.35 Reference the mechanism in Eqs. 24.24a-b on text p. 1252, and apply it to the glucose-Hb imine in Eq. 27.50. 
The net result is that the alcohol is converted into a carbonyl group. 
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[ ön, H 


“ 
HOCH, Н он HOCH, 9 oH е HOCH, он 
HO le =Ñ HO Dom HO —.. H с Cte Se 
path нт-ӧњ \ 
" Pai U* 0 


27.36 А described in Sec. 19.11A, primary amines react with aldehydes to form imines. An example is shown in Eq. 
27.49 on text p. 1424. with the aldehyde of glucose reacting with the amino terminus of hemoglobin. A 
simplified version is represented below. 


HOCH, — oH HOCH, он 
a ы. + HN—R == НО + E ы din 
HO On CH—0 on CH=N 
aldehyde amine imine (Schiff base) 


The question asks why the nitrogen couldn't be supplied from an amide. such as from the side chain of an 
asparagine amino acid. If you consider the reaction mechanism of imide formation, you'll see that an 
intermediate forms after loss of water through an El mechanism. This intermediate is very unstable however. 
due to the nearby carbonyl carbon. It is unlikely that this unstable structure forms, and so imide formation 
between aldehydes and amides is much less favorable than imide formation from aldehydes and amines, where 
this unfavorable interaction does not exist. 


* 
2 [9] 
Lo. d = А d X Ch Д 
яЯя-——— 
R^ “н HN^ R di. ade. dide due s. 
aldehyde amide | | 
О lon 
+ | | | 
Но + "AQ. i a VU sU ae СН 7C 


very unstable 


27.37 In the first step of the Amadori rearrangement (see solution to 27.35 in this manual), the C2 carbon is 
deprotonated. The reversible deprotonation can reprotonate from the opposite side. inverting the 
stereochemistry at C2. This process converts the glucose derivative into a mannose derivative. 


dir :ӦН, 


H OH OH 
HO on HN fb] HO “> —CH—N Н] aes МИН 
2 а H7 ӧн, m | 
glucose-Hb ишпе (Schiff base) U* mannose-Hb imine (Schiff base) 


The reversible hydrolysis of the mannose imine yields the aldehyde form of mannose, which equilibrates into 
the cyclic form of mannose. 
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HOCH; HOCH; 


OH OH OH 
"OH "OH HOG LO 
HO но HO А но 
Ho Hii] == ю cmo + Wis] ==—~ н * 
hemoglobin 
H 


H 


mannose-Hb imine (Schill base) D-mannopyranose 


(cither anomer) 
27.38 Because the four chains of hemoglobin are held together by the same noncovalent forces that account for the 


tertiary structures of the individual chains, the subunits of hemoglobin would dissociate and would unfold into 
two random-coil a chains апа two random-coil В chains. 


27.39  Oneend of aeruginosin-B resembles an arginine side chain; one can hypothesize the following 


correspondences: 
-0 о 
\ 7 


5-.. 
d 


о 
о 1 
"A 
АЙ ( 
о Р 


|| / \""H 


C. N 
УЖ v Nd c a 
H H Il H è 
) 


uS A OH C 2c. Fe en WE NH 
HO о N 


<= 


aeruginosin-B 


arginine 


Aeruginosin-B has a positively charged guanidino group. like arginine. that can interact with the ionized Asp- 


189 in the binding site; and this is attached to a hydrocarbon chain that can interact favorably with the “walls” 
of the hydrophobic pocket. 


27.40 Іп the following mechanism, the enzyme groups are shown in shaded type. 


H Asp - М o t Asp 
o о (о О 


Pep — NHCHC —NHCHC — NHPep© ———» Pep — NHCHC ~ NHCHC NHPepC 
| | 


> 
aX 
к! R? к! О\ R? 

\ 

"i ~ i: Н ——— water in active site H | 

H . О / 
Asp—C —O K 
Asp—C —O —H 

. 
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ot Asp 


о о О o 
E II || Р ^ | = + il 
Pep’ — хнсис —О UNCHC —NHPepÜ аф >" pepN—NHCHC—O — HjNCHC— ХНРерС 
| 


к! H R? RI R2 
О 
Asp C Q 
27.41 Although the sulfur has two unshared pairs, the nitrogen of the thiazole is like the nitrogen of pyridine or 


imidazole and is the most basic site on the ring: hence, it is likely to be the hydrogen-bond acceptor. An amide 
backbone N—H is the only hydrogen bond donor site on a peptide backbone. 


Ph 

о a" ДА 
ll H = |! 
„©з UN А ge 

7 N N c bd de "o E 

| Ls 1 A aH | 2 

3 P. 

Ph 


N —— hydrogen bond acceptor 


Norvi ' 
es " ——— hydrogen bond donor 


Mr 


P UU 


27.42 We use the criteria for hydrogen-bond donors and acceptors discussed in Sec. 8.5C of the text. 


peptide backbone of the enzyme 


: acceptors 
acceptor окоро 
" О О acceptor 
\ l 07 
PN 
“Т N o 
| on Н 
" o=S=0 \ | 
acceptor \\ donors 
acceptors 
acceptor donors 
“NH, 
Darunavir 
Solutions to Additional Problems 
27.43 The results for valine: 
(a) (b) (c) (d) 
d - 
H,NCHCOSEt HSO; B 4d. HjNCHCO)H Cl H3NCHCO} Ма” 
РАСМНСНСОГ En NH | | 
СН(СН у)» ; CH(CH3) CH(CH3) 


CHCH)» 
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The reaction in (e) is a variation of the first reaction of the Strecker synthesis in which an amine—in this 
case. the amino acid valine—rather than ammonia is the source of nitrogen. (See Eq. 27.12 on text p. 
1388.) 


(e) (f) 
PhCHNHCHCOS Na* 
| | о [e] 
C=N CH(CH3) I | 
e» CH30 — C — NHCHCOH 
| 
Fmoc-Val 


(g) (h) 


Ll do ee Ll Fui 
| Il 
e CH30 — C — NHCHC — NHCH5COC(CH 4); at CH,0 —C — мисн — NHCH,COH 
| 
CH(CH3) снн J 


Р Fmoc-Val-Gly tert-butyl ester e Fmoc-Val-Gly 


ti) (j) 
о о о о 
|| || + « || + || 
H3NCHC — МНСН:СО HN H;NCHCOH +  H;NCH4COH 

CH; * | | 25 

CH(CH 3)» CH(CH s ci 
" А Cr glvcine 

P тау рени эшо valine hydrochloride 
hydrochloride 
(reacts further 


with piperidine) 


The results for proline: 


(a) (b) (c) (d) 
0 [e 0 0 
„МЕн бон бш СМЕ сњ 
N Й N N N 
Н; HSO; | h a- H 
C Ci 
07 "Ph 
(e) (0 
[e 
[ X Ат L \ bon 
| t d 
H—C— Ph C 
| р-=ю о 
C 
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(g) (h) 
О О О О 
ж. | =. l 
| у С 
C C 
$ CH,O~ So сн,0< “0 


» » 


Fmoc-Pro-Gly feri-butyl ester Fmoc-Pro-Gly 


+ tert-butyl trifluoroacctate 


(i) Q) 
i i 
‘ft -OH + H4N—CH,—C— он 


| ] 
;, L анон ; 
N N 
CH; H » H а ar 
D HA proline hydrochloride glycine hydrochloride 


Pro-Gly 
(reacts further (piperidinium salt) 
with piperidine) 


27.44 (a) Aspartic acid. It has the lowest isoelectric point. 
(b) The most basic amino acid is arginine. [t has the highest isoelectric point. 
(c) Isoleucine and threonine. Each has two asymmetric carbon stereocenters, 
(d) Glycine is not chiral and therefore it cannot be optically active. 
(e) Asparagine and glutamine. Their side-chain amides are hydrolyzed to give aspartic acid and glutamic 
acid, respectively. 


27.45 (a) Because the amino group of Icucine is not protected, a certain amount (maybe most) of attachment to the 
resin will occur by reaction with the a-amino group on the chloromethyl groups of the resin. Subsequent 
peptide synthesis would then not proceed as planned. 

(b)  Fmoc-Leu, once attached to the resin, must be deprotected before the subsequent coupling reaction can 
be expected to succeed. Polly forgot the deprotection step with 20% piperidine. which is essential for 
removing the Fmoc group. 


27.46 Since lysozyme has many more basic residues (Lys and Arg) than acidic residues (Asp and Glu), lysozyme is 
expected to be (and is) a basic protein. Its isoelectric point should be >>6. (Its isoelectric point is about 12.) 


27.47 (a) As discussed on the top of text p. 1385. the general rule of thumb is that if the peptide contains more 
acidic than basic groups iL is an acidic peptide; if it contains more basic than acidic groups it is a basic 
peptide; and if the number of acidic and basic groups are equal, the peptide is neutral. Peptide В is more 
basic. It contains a basic Lys and no other acidic side chains. Peptide A contains a basic side chain (Lys). 
but two acidic side chains (Glu and Asp). 

(b) As discussed in Sec 26.3D of the text, the more basic peptide should come off of the column first, so 
peptide B comes off before peptide A. 

(c) First. rule out sequences 1 and 4 since they are not DNA sequences; they аге RNA sequences, because 
they contain U and not T. Next, translate sequences 2 and 3 one at a time. Take the DNA sequence and 
divide it in to 3-letter pieces. or codons. Translate each codon into its MRNA anticodon, changing G to 
C, C to G, T to A, and A to U (there is no T in КМА, so use U). Next, use the genetic code (Table 27.2 
on text p. 1401) to translate each 3-letter mRNA anticodon into the amino acid sequence. Finally, convert 
each three-letter amino acid abbreviation into its one-letter abbreviation (Table 27.1, text p. 1376), and 
check to see which sequence corresponds to peptide А. Sequence 2 is the answer (note that there is an 
extra codon that codes for STOP at the end of the sequence). 


27.48 


27.49 


27.50 


29:51 
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(d) 


anticodon for 
lysine 


/ 
нон СЇ 
чн, 


Cysteic acid is essentially an aspartic acid in which the side-chain carboxy group has heen substituted with а 
sulfonic acid group. Because sulfonic acids are more acidic than carboxylic acids. cysteic acid is expected to be 
(and is) more acidic than aspartic acid. Thus, the correct answer is (1): cysteic acid has a lower isoelectric point 
than aspartic acid. 


The amino-terminal residue is lysine. Both the side-chain amino group and the a-amino group react with 
pheny! isothiocyanate (the Edman reagent). Thus. the side-chain amino group in the resulting PTH derivative 
(shown in the problem) is present as a thiourca derivative. 


The amino-terminal residue of the peptide P is valine. Because dansyl-valine is obtained. the a-amino group of 
valine must have been free in the peptide. and hence, valine must have been the amino terminal residue. The 
sequence of the other residues cannot be determined from the data given. 


"Dansvlation" is a method for determining the amino-terminal residue of a peptide. 


=> 


Number the residues of Q from the amino terminus as 1,2.3, ... First, the Edman degradation of Q shows that 
leucine is the amino-terminal residue. The formation of only dipeptides, including the dipeptide Leu- Val. 
shows that DPAP catalyzes the hydrolysis of peptide (2 at every even-numbered residue from the amino 
terminus, Thus, this enzyme also catalyzes the hydrolysis of peptide А at every other residue — the odd 
residues in the numhering of Q: 


œ 1—2-3-3—4$-5—6F7— 8-39 $ = DPAP cleavage site 


Fdman 


Y 
к 2 13 1—s-F6—1$8—9 


This analysis shows that Gly is residue 9. the carboxy-terminal residue of Q. To get the order of the dipeptides, 
work back and forth hetween the dipeptides derived from Q and those derived fram R. Since Gly has to be at 
the carboxy terminus of one of the dipeptides from А, and since the only dipeptide that meets this criterion is 
Ala-Gly. then Ala is the next residue in from the carboxy terminus. If Ala is in position 8, then pasition 7, from 
the О dipeptides, must be Gln; position 6, from the R dipeptides, must be Asp; and so оп. Alternatively, work 
from the amino terminus of Q: Leu-Val of О and Val-Arg of А establish the sequence Leu-Val-Arg: Arg-Gly of 
Q shows that the next residue is Gly: and so оп. The final sequence of peptide А. then. is: 


Leu- Val-Arg-Gly-Val-Asp-Gln-Ala-Gly 


Raed vio of ^n f ры 


1004 


27.52 


27.53 


CHAPTER 27 * AMINO ACIDS, PEPTIDES, AND PROTEINS 


(Remember that the amino terminus by convention is on the left when peptides are written this way.) The 
ammonia arises from the hydrolysis of Gln to glutamic acid. 


(a) 


(b) 


(a) 


(b) 


Trypsin should catalyze the cleavage of glucagon at Lys and Arg residues. The following five fragments 
are expected. (Remember that, by convention, peptides written in this way have their amino ends on the 
left.) We assume that all cleavages proceed to completion. although in practice intermediate cleavage 
fragments might be formed as well. 


(1) His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-T yr-Ser-Lys 
(2) Tyr-Leu-Asp-Ser-Arg 

(3 Arg 

(4)  Ala-Gln-Asp-Phe-Val-Gln- Trp-Leu-Met-Asn-Thr 

(5)  Arg-Ala-Gln-Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr 


If cleavage occurs after the first Arg in the Arg-Arg sequence of glucagon. then the peptide (5) is formed, 
and the second Arg becomes the amino terminus of this peptide. Cleavage does not occur at the peptide 
bond of this Arg because trypsin is an endopeptidase. (Eq. 27.37b, text p. 1408.) If cleavage of glucagon 
occurs after the second Arg. then Tyr-Leu-Asp-Ser-Arg-Arg is formed. Subsequent cleavage of this 
peptide at the Arg-Arg bond gives (2) and (3). 

The products of this Edman cleavage would be the PTH derivative of histidine along with a new peptide, 
which is glucagon without its amino-terminal residuc. 


о 
H 
Ph. . N 
+ ~ 
| one + бег-Сіп-СІу- --- (remainder of glucagon sequence) 
52 ^N Кн 
H 


PTH derivative of histidine 


A molecular mass of about 1000 is consistent with the actual composition (Ala, A rgs,Gly;.Ser;); amino 
acid analysis gives only the relative amounts of each amino acid. The absence of a reaction with the 
Edman reagent suggests that there is no terminal amino group. А cyclic peptide would give these results. 
Cleavage of a cyclic peptide at two arginine residues would give two peptides with arginine at the C- 
terminus of each; but if the two peptides were identical, two equivalents of a single peptide would be 
obtained. The sequencing results are in accord with the following structure: 


\ 


Pas N-to-C direction — 


Ala — E : Айт, ? 
| | 2 
Gly Glv $ = trypsin cleavage site 
| 7 L 
| 
Ile _ Ala 
5 Ala E: Arg“ 


Peptide D is an ordinary (noncyclic) peptide that results from two cleavages at the R residues. The MS- 
MS b-type fragmentation of the M + I ion of peptide D would be typical of any linear peptide. (The 
positive charge on the fragments represents the charge on the acylium ion, and the H— is the extra 
proton that ends up as one of the H2N— protons on the terminal amino group; see Eq. 27.39 on text p. 
1412.) The residue masses are from Table 27.3 on text p. 1413. 


H—A-1I-G-A-R*H'—OH © в: = 1.0 + 71.0 + 113.1 + 570 + 71.0 + 156.1 + 18.0 = 48722 M +1 
[H—A-I-G-A-R]* > = 1.0 + 71.0+ 113.1 57.0 € 71.0 + 156.1 = 469.2 
[H—A-I-G-A] © m/z=1.0 +71.0 + 113.1 + 57.0 + 71.0 = 313.1 
[H—A-I-G]* o т = 1.0 + 71.0 + 113.1 + 57.0 = 242.1 
[Н—А-] © m/z = 1.0 + 71.0 + 113.1 = 185.1 
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[H—A]) © mifz=1.0+71.0=72.0 


The cyclic peptide C, on the other hand, would undergo fragmentation at every possible peptide bond to 
give five different fragments. 


H—A-I-G-A-R-A-1-G-A-R* 


fragmentation H—R-A-1-G-A-R-A-I-G-A* 
of cyclic peptide 
Pepude С ————————- H—A-R-A-I-G-A-R-A-I-G* 
H—G-A-R-A-1-G-A-R-A-I* 
H—I-G-A-R-A-I-G-A-R-A* 


However, these all have identical masses because they differ only in the positions of the amino acids and 
not their identity. The m/z is M + 1, where M is the mass of the parent cyclic peptide: this peak occurs at 
m/z = 937.4 


27.54 The presence of two amino-terminal residues suggests that either (а) insulin is an approximately equimolar 
mixture of (wo proteins, or (b) it is a single protein containing (wo peptide chains. In fact. the latter is correct: 
insulin is two polypeptide chains connected by disulfide bonds. Glycine is the amino-terminal residue of one 
chain, and phenylalanine is the amino-terminal residue of the other. 


27.55 Amino acid A is 2,4-diaminobutanoic acid. The key piece of structural data is the Hofmann rearrangement. 
which converts the side-chain amide of glutamine into an amino group. Compound À is expected to be basic 
(and thus have a high isoelectric point) because it has two amino groups and only one carboxy group. 

1) Bio. NaOH 
* 
Нух —CH —C03 = OES а, Н.М —CH —CO; 
| 
CH, O CHa 
+ 
CH; —CNH; CH; — NH; 
2.4-diaminobutanoic acid 
(compound A) 


27.56 This amino acid is really a substituted malonic acid. When heated in acid, it. like most malonic acid 
derivatives, decarboxylates. In this case, the product is glutamic acid. (See Eq. 20.41, text p. 1031.) 


А НО“, heat А 
HN — CH — СОН НМ = СН — COH. + СО 

сн; CH» 

Ji um | 
CH 2 CH3 

. HOC CO4H | | 

CO.H 

ў 2 

С! . 
$ malonic acid Glu 

unit 


27.57 (a) Reaction of chloromethylated polystyrene with trimethylamine would give the resin shown 


\ 
m | i. 
| 
+ 


Ке CH3N(CH3)4 CI 


The alkyl halide is benzylic and is thus particularly reactive in 5 {2 reactions. 
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(b)  Thisresin is an anion-exchange resin. (See the solution to Problem 27.11 on p. 983 of this manual.) At 
pH 6. Arg is positively charged and is therefore repelled by the column: it emerges earliest from the 
column. Leu has zero charge at pH 6; it emerges next. Glu is negatively charged at pH 6 and is therefore 
attracted to the positively-charged groups on the column; it emerges last from the column. 


The principle is that a peptide with a given charge migrates to the electrode of opposite charge: a peptide with 
zero charge does not migrate. Because Gly-Lys is a basic peptide. it has а net positive charge at pH 6. and it 
therefore migrates to the cathode, the negatively charged clectrode. Because Gly-Asp is an acidic peptide. it has 
а nct negative charge at pH 6, and it migrates to the anode, the positively charged electrode. Gly-Ala is a 
neutral peptide: it has net zero charge at pH 6. and therefore it does not migrate. 


The resin contains a large number of pendant phenyl groups. Phenylalanine also contains a phenyl group. The 
resin has dual characteristics. Not only is it an anion-exchange resin, but also it is like an HPLC resin in which 
the side-chains are phenyl instead of C-18 hydrocarbons. The “like-dissolves-like” principle suggests that Phe. 
the amino acid containing the phenyl side chain will be partitioned into the resin phase more extensively than 
Gly. The selective adsorption of phenylalanine is due to this effect. 


Such a resin should be less effective in partitioning the amino acids with hydrocarbon side chains, because they 
will be “less soluble" in the resin phase. In effect. there are fewer —CH.— groups on the resin to provide 
favorable interactions with the amino acid side chains. Furthermore, the amino acid side-chains would be 
forced to be closer to the more polar and hydrophilic resin surface, with which they might not interact as 
favorably. The separation should be less effective. The separation should be less effective with he C8-silica. 


(a)  Alanine (like the other amino acids) is a different compound іп НСІ, NaOH, and neutral Н,О because its 
ionization state is different, and different compounds have different optical rotations. In acidic solution, 
the optical rotation is that of the acidic form; in base, the optical rotation is that of the basic form; and in 
water. the optical rotation is that of the neutral (zwitterion) form. 

(b)  Lysine has two amino groups. and acetylation of each is possible. 


CH4CNHCHCO; H,NCHCO3 
Gus), (CH34 
+ н, хнссн, 
О 


the two mono-N-acetvlated lysine derivatives 


(c) Тһе peptide is cleaved at the Arg-Ala bond at pH 8. However. in the presence of 8 M urea, trypsin, like 
most enzymes, is denatured. A denatured enzyme is devoid of catalytic activity because its tertiary 
structure (and therefore its active site) is disrupted. Thus, trypsin, when denatured, cannot catalyze 
cleavage of the peptide. 

(d) Тһе 2-mercaptoethanol treatment ensures that disulfide bonds are reduced. Aziridine reacts much like an 
epoxide when the nitrogen is protonated. Aziridine is basic enough that a significant amount of it is 
protonated in aqueous solution. Reaction of protonated aziridine with the thiol group of a cysteine 
residue gives an aminc: 


H " н 
СН-5Н + \ «225 ——СН,5- к 5 — —m -— CH4S — CH4CHs — 
: си, сн, i "fs — Ell, IS AERE n 

side chain 7 ionized Ў 

of cysteine aziridine side chain conjugate acid 

of cysteine of aziridine 
pH 8 + 
—CH3S—CH;CH;— ХН, app. 2" ——CH3S—CH,CH,— NH, 
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(a) 


(b) 
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The amino group of the modified residue is protonated at pH 8, the pH at which trypsin digestion is 
carried out. The side chain of the modified residue resembles the side chain of lysine in both length and 
charge, and trypsin hvdrolyzes peptides at the modified residue much as it hydrolyzes peptides at lysine 
residues. 

The two sulfoxides are diastereomers. They both have the same configuration at the a-carbon, but differ 
in configuration at the sulfur of the sulfoxide group. This sulfur is an asymmetric atom and stereocenter 
because it has four different “groups” attached: the CH», the СН}, the О, and the electron pair. 
Evidently, inversion at sulfur in a sulfoxide, unlike amine inversion, is very slow, because the individual 
diastereomers can be isolated. 


At a pH of 8-9. the thiol group of cysteine is partially deprotonated (pX, of the thiol group is 10.28, see 
Table 27.1, text p. 1376); the resulting thiolate is a good nucleophile and the iodine of iodoacetic acid is 
an excellent leaving group. Masking the thiol group of any cysteine residues present in the protein is 
necessary to prevent the thiol groups from reoxidizing to disulfides. 


pH 8-9 ( bes 


protein — CH; — SH æ> protein — CH; — 5  ——————» 
cysteine residue 
protein — CH; — S — CH;CO; + V^ 


Hydrogen peroxide oxidizes the disulfide bonds to sulfenic acids. then to sulfinic acids. and finally to 
sulfonic acids (see Fig. 10.3, text p. 496). 


The coenzyme involved in the conversion of aspartic acid residues to Asp-methyl ester residues is 
S-adenosylmethionine (SAM). (See Figure 11.1. text p. 537. for the structure of SAM.) 


О 
і 
— МН — ү" == 
CH, = CO;CH4 


Asp-methyl ester residue 


Trypsin catalyzes the hydrolysis of peptides and proteins at the carbonyl group of arginine and lysine. amino 
acids with side chains containing strongly basic groups that are positively charged at physiological pH. 
Chymotrypsin, in contrast, catalyzes the hydrolysis of peptides and proteins at the carbonyl group of 
phenylalanine, tryptophan, tyrosinc, leucine. and isoleucine. As explained in the text (see Sec 27.10) and 
illustrated in Fig. 27.18, text p. 1435, the positively charged group in the peptide or protein substrate form a 
complex in the trypsin active site by electrostatic attractions and hydrogen bonding. The addition of a specific 
trypsin inhihitor such as benzamidinium chloride (text p. 1436) would block the trypsin active site without 
appreciably affecting chymotrypsin. (Considerably more potent trypsin inhibitors are known and are used for 
this purpose.) 


The mechanism of cleavage in trifluoroacetic acid involves a benzylic carbocation intermediate. This 
carbocation is resonance-stabilized not only by the para-oxygen, but also by the ortho-oxygen as well. (Draw 


the resonance structures.) Because the carbocation intermediate is more stable. the cleavage reaction is faster. 
Hence, milder conditions (lower acid concentration) can he used for the cleavage. 
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о 


H 0-CCF; 
1 
PepN — NH E uu —C-—O CH —--——— resonance stabilized 


by the ortho- and para-oxygens 
i E wm para-oxyge 
Pd 
reactive intermediate LT. 


in peptide cleavage | il 
from the resin by TFA OCH,C —O- E 


The two Asp residues would be expect to interact with this hydroxy group by hydrogen bonding. Perhaps onc 
Asp in protonated form could serve as a donor and the ather, in ionized form. could serve as an acceptor: 


К. 12 Ph 
о ‘i ^ 
H = || 
‚ TE. ^. m. Уз AN PON C NS | 
X X wt N d diio чү W^ np эр 
} | H 2? 

/ N у. CH; o | O, б ч 

Ph им. Н 

Norvir NS ( 
O NU о MI 


) 
-—: hydrogen bonds 


(The interaction with Crixivan is similar.) 


Figure 27.11 on text p. 1426 shows that the amino acid side chains extend outward from the periphery of the 
helix and are actually rather close to each other in space. The pK, of a protonated lysine side-chain amino 
group is about 10.5. At pH values below 10, the side-chain amino groups in polylysine are protonated: thus, 
these side chains arc positively charged. The peptide avoids the a-hclical conformation at pH valucs below 10 
to avoid the repulsive electrostatic interactions between the adjacent positively charged groups. At pH values 
above 11, the side-chain amino groups are unprotonated and hence uncharged. Ах a result, there are no charge- 
charge repulsions to destabilize the a-helix. 

The same principles operate in polyglutamic acid. hut at the other end of the pH scale. In polyglutamic 
acid, the side chains are negatively charged at pH values above the pK, of the carboxy groups. Hence, the 
repulsions between negative charges cause the helix to be destabilized, and it unfolds at high pH. At low pH. 
the carboxy groups are un-ionized and hence uncharged. Consequently, the helix can form at low pH because 
there are no charge-charge repulsions to destabilize it. 


(a) A membrane is a very hydrophobic environment. If a protein is embedded in a membrane. then the 
surface of that protein that interacts with the membrane environment must also be largely hydrophobic. 
These favorable hydrophobic interactions hold the protein together in its three dimensional shape. If a 
membrane protein is extracted into an aqueous environment, it will denature because the polar water 
molecules cause the protein to adopt a different structure—one where the more hydrophilic residues 
make contact with the surrounding solvent molecules. The protein will assume the most stable 
conformation it can in this non-native, hydrophilic, environment, likely a very different one that it had 
inside the membrane, its native, hydrophobic environment. 

(b)  Detergents are very similar to the fatty acids that make up membranes: they have a long. hydrocarbon 
“tail” and a polar “head group". A membrane protein extracted into an aqueous environment containing a 
high concentration of detergent may find an environment similar to that of the membrane, which may 
prevent it from denaturing. 


The interior of a membrane is a very hydrophobic environment. Therefore, amino acids containing side chains 


that are very non-polar typically populate the surface of the protein that comes in contact with the membrane. 
(Refer to Table 27.1, text p. 1376-7, for the structures of the amino acid side chains.) Group A and В contain 


be apio ade tribu ed » ре” blo of Bu 2l т ird a3 eoi тїш; ^ e vist ттр // peor 


27.70 


SOLUTIONS TO PROBLEMS • CHAPTER 27 1009 


acidic and basic side chains, respectively, and would be more likely to be on the surface of a protein that came 
into contact with water. Similarly. group Ё contains polar side chains. which are not hydrophobic. Group D. 
Pro, is rarely found in a-helix regions because of its cyclic, and thus rigid. structure. Group £ contains very 
hydrophobic side chains, and is thus the most likely group engage in favorable hydrocarbon-hydrocarbon 
interactions with the interior of the membrane. Group C. Gly. contains only hydrogen as a side chain and which 
is not as hydrophobic as the side chains in group £. 


(a) 


(b) 


(c) 


(d) 


(e) 


This is a reductive amination of formaldehyde by the amino group of the lysine residue. Because excess 
formaldehyde is present, the amino group of lysine is methylated twice. 
о 
PepN — NHCHC — РерС 

(CH4)4 

МСН)» 
The side-chain amino group of lysine serves as a nucleophile to open the anhydride. The resulting 
carboxy group is ionized at the pH of the reaction. 


o 
PepN — NHCHC — PepC 
(CH34 9 
NH—C— CHCH, к 
Il 


The thiol of cysteine serves as a nucleophile in a conjugate-addition reaction to maleimide. The pH must 
be high enough to form a small amount of the conjugate-base thialate anion of cysteine, which is the 
actual nucleophilic species. 
9 
рер — NHCHC — РерС 
сн. „о 
Кы oap 
5 a 
\- NH 
/j 
' 
о 
The carbodiimide promotes a condensation between the side-chain carboxy group of aspartic acid and the 
amino group of the glycine ester. 


о о 
| ] | N il ZG. X 
PepN - NHCHC — Pep“ + N PU NH — C— NHCH3CH? — № O CI 
N / IN / 
CH) HC 
PR 
о NHCH4CO;CH; 


The phenol ring of the tyrosine residue undergoes electrophilic substitution by the diazonium ion (see 
Sec. 23.10B, text p. 1209). Because the para position is occupied, substitution occurs at the position 
ortho to the hydroxy eroup. 
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| 
PepN — NHCHC — PepC 


єн» 
М 
N^ "Ph 
OH 
27.71 (a) 
= i 
н | 
= СНЗОН (solvent) . dilute “OH с PhCCl 
нх (С у—со,н CHiOB Golvend „ dilue OH y „ —CO4CH, === >» 
2 N ВЕ = H5SO, (catalyst) 3 Б Т. Y pyridine 
p-aminobenzoic acid о 
|! 
PhCNH COCH; 
methyl p-benzoylaminobenzoate 
(b) 
1) LiAID; 
25H;0* CIO x(pyridine) NaCN, NH Cl 
сон DEO — poemon SP ae реро i p 
benzoic acid T H,0* Н.О heat о 
2) NaHCO, | 
каа N —» алш 
NH *NH; 
(c) 
" 1) H4O*. H20. heat о 
NaCN, ND, СГ 2) NaHCO, il 
СОСН =O —rD0 —3» CD4CHC —N bic dd 
Е Мн» +кн, 
The isotopically substituted reagents (*ND, СГ, р,0) are necessary in the first step because the pH of 
the reaction is sufficiently basic that the a-deuteriums of the starting trideuteroacetaldehyde would 
exchange for hydrogens if the analogous protic reagents *NH, СІ and H;O were used. (See Eq. 22.6 on 
text p. 1108.) 
(d) 
FmocNHS + az — NOs HO э, C- con Lo. 
CH,OCH,CH,OCH, 
N N 
H \ 
Pro Fmoc 
Fmoc-Pro 
chloromethyl resin 
- Eqs 27 21-29. tex p. 1393-7 endi 
a qr eie eom en e: Frac Pro res _ meses 
UMr 
N 
M 
Fmoc 
усо Ted a eai n this an sal please vish ip //oeople pharmacy pusdue tu- loadonm Либас тигу 
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P n Fmoc-Ala, DIC, HOBI Fmoc-Ala—P n NET 


di-Boc-lysine. DIC, HOBI 
—— 


Aa—Pro—Tresin di-Boc-Lys—Ala—Pro—T1esin Es Lys—Ala—Pro 
(e) 
EtO4CCH—O ыг ш сш EtO4CCHC == № E Ге EtO4CCHC == N 
MH, NHCCH , 
о 


(f) First prepare 3-bromocyclopentene from cyclopentene: 


NBS,CCl, Г = 

— _—— — 

peroxides ^ | 
3-bromocyclopentene 


Then use it in the following synthesis. Because the a-hydrogen of the starting material [the product of 
part (e)] is about as acidic as an a-hydrogen of diethyl malonate, the techniques of the acetamidomal- 
onate method can be used. Notice that 3-bromocyclopentene is an allylic halide and is therefore very 
reactive in Sy2 reactions. (See Sec. 17.4 of the text.) 


СОЕ! 1) H,0°, H,0, heat 


| 1) NaOEt, EtOH [2 |g 2) NaOH (dilute). [^ f 
E0,CCHC=N —— ——- d Ссн ———— > CHCO; 


2 | - | 
NHCCH;, 2) N Br NHCCH; "NH, 


| | 
о о 


(g) 


== о 4 Oo o = о 
HO4C Е CO>H ох. РЙ cit Е са ee » H е. =A cui 
EUR U^ s \ 4 d ho а 
_ LL H20 Жо : 
HNC enn, —_В'2:-Н20_ NH3 -Y y p-aramid 
(Hofmann 


rearrangement; 
Sec. 23.1101 


27.72 Every synthesis has the same final steps: 


о 1) NaOEr, БОН о 1) H3O*. H30. heat 
2) RBr ‚ 2) NaOH (dilute) 


CH,CNHCH(CO4E)), ———— — —ÀM CH4CNHC(COSEQ4. —— ——— —  — —B» HiNCHCO; 
R R 
The challenge in each case is to prepare the alkyl halide R— Br from the given starting material. 
(a) 
(Gp cogi, Se, 


2-methylpropene 
(isobutylene) 


> (CHi)SCD— CH;Br 


Alternatively, the same alkene could be hydroborated with BD, the resulting organoborane oxidized to 
the primary alcohol by alkaline НО», and the alcohol converted into the alkyl bromide with concentrated 
НВг and H5SO, catalyst. 
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(b) 
1) LiAID, 
: 2)n,07 5 НВ! : 
PhCH =O — — ——3» PhCHD —OH  — —39» PhCHD — В 
benzaldehyde 
(c) 
i 
| 
1) CICCH;, AICI, о о 
a 2) H,0° ME == l|  —BryHBr M = il 
CH4;O \ / С Hy N | Г, cc Н; CH; \ / CCH3B: 


anisole 

Alkylate the acetamidomalonate ion with this halide. Then, in the final hydrolysis step, use concentrated 
HBr. which will also cleave the methyl ether. Recall that a-bromo carbonyl compounds are verv reactive 
іп Sp2 reactions (Sec. 22.3 of the text). 


27.23 In the first step. the amine adds to the Edman reagent: for the mechanism of this reaction. see the solution to 
Problem 27.29(a) on p. 989 of this chapter. The sulfur of the thiourea then serves as a nucleophile to close a 
six-membered ring and cleave the peptide. The mechanism below begins with the product of the reaction 
between the Edman reagent and the peptide, which is protonated on the carbonyl oxygen by the catalyzing acid. 


„он hep’ —NH ОН PepN —NH OH 
PepN —NHCHC — NHPepC EC NHPepC :NpaPepC 
[^4 NERE Б 
CHA s —» ч ж—” З T 
| // N / (proton N 
NH —C o н \ transfer) H 
NHPh NHPh Neh 
А E AC : 
PepN —NH *О—Н Н;МРер PepN —NH О 
jj / 
\ + 
" — S  HjNPepC 
N N —4 
H ( H \ 
NPh NPh 


compound X 


27.74 This reaction is an intramolecular ester aminolysis. The mechanism below begins with the conjugate base of 
the peptide formed by loss of a proton from the terminal amino group. 


н н 
JH. OCH, = ^ ү 
occu, Ae | O3CCHy. N Сосн, 
С=о d s` 
J Y, — > о — 
Z Ny “снр o^ "N^ "cHjPh 
H H 
H. H¢— OCH; H 
-о,сс X. 20 "O4CCH N о 
Осн. NL ОРА ар 
» | + H OCH, 
Z^ Z 
O^ ^N^ "CH,Ph о2 "N^ “снр 
H H 
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You may have noticed that diet soft drinks that go on sale in the supermarket are not quite as 
sweet as really fresh ones. This is because some of the sweetener has degraded by the 
mechanism just depicted. 


27.75 (а) This іх like the reaction of an amine with an isocyanate: see Eq. 23.73 on text p. 1218. 
EtNH — C— NHPh 
(b) This is a modified Strecker synthesis in which methylamine is used in place of ammonia. 
Ph— CH—CO; 


HNCH, 


(c) Ты is a reductive amination in which the amine is the a-amino group of the amino acid. 
(CH )9CHCH;NHCH — CO3 
CH; 
(d) Тһе methyl ester is saponified much more rapidly that the tert-butyl ester for two reasons. First, the 


methyl branches of the tert-butyl group impede the approach of hydroxide to the carbonyl group. 
Second, the tert-buty! "ester" is also an amide, and amides hydrolyze much more slowly than esters. 


О O 
(CH3) ,COÓNHCHCO" Na* + CH,OH 
CH; 
(e) This is a diazotization to form the N-diazo compound. that is, the acyl azide. (See Eq. 23.75 on text p. 
1218.) [Note: The products of parts (e). (f). and (g) are summarized in the solution to part (g).] 


(f) | Heating the acyl azide gives a Curtius rearrangement to the isocyanate. 
(g) The amino group of the amino acid ester adds to the isocyanate to give a urea. To summarize parts (e)- 


(g): 
H»NCHCO>CHa 
| 

о CH(CH3h О 

WE. heat valine methyl ester | 

PhC —N—N=N — N р PhN —C—O = л ааз 
E^ 

benzoyl azide pheny! isocyanate CH(CH,)s 


product of part (е) product of part (f) N-phenylaminocarbonylvaline 
methyl ester 


product of part (g) 

(h) This is a formylamidumalonate reaction, a variation of the acetamidomalonate synthesis, 

H,NCHCO.H + HCO.H + ШОН 
CH, 
| 
- C 
H,C~ CH, 

(i) Hydrazine (H3N—NH;) displaces the ethoxy group of the ester to form a hydrazide А: diazotization 
forms the асу! azide В; heating this in ethanol gives a Curtius rearrangement in which the isocyanate is 
trapped by reaction with the solvent to give the ethyl! carbamate C; and acidic hydrolysis generates the 
amino-protonated amino acid D. 


О О о 
ll. NaNO^'HCI || EtOH. hear HCHO + 
N=CCHCNHNH, — —— — > N=CCHCN, ~~e N-—CCHNHCOEFt E I —» HO .CCHNH;, СІ 
| | | ка | 
CHICH)» CH(CH у)» CH(CH 3s CH(CH,)> 


A B C D 
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27.76 Тһе chemistry is very similar to that of Problem 27.75(i), text p. 1446. Compound A is the hydrazide: 
compound B is the acyl azide: compound C is the conjugate acid of an N-(1-aminoalkyl)amide. which is a 
nitrogen analog of a hemiacetal. This hydrolyzes in base to the aldehyde shown, ammonia, and acetamide D. 
(If the conditions were harsh enough, acetamide D would be converted into acetate ion and ammonia. If you 
postulated that compound /) is acetate ion, your answer is equally satisfactory.) 


о О о о o 
| | NaNO JHCI | HCHO | || + Н.О, OH 
CH XX NHCHCNHNH; = CHiCNHCHCN 4 ENT NE e CH,CNHCHNH, m 
| | е; | T 
CH(CH y) CH(CH 3) CH(CH у)» 
\ B С 
о 


il 
CH,CNH, + NH, + (CHi)9CHCH—O 


p 


27.77 (a) The first step of the mechanism is formation of an imine. (This is discussed in Sec. 19.11A of the text.) 
Reaction of this imine with the conjugate base of the thio! gives an addition product which is eventually 
transformed into the product. The following mechanism begins with the imine. 


/ SC H3C H30H .CH3CH;4OH 


CH; \ Y CH, 5 CH; 
B&B Nac ML. | ; 
_CH= NCHCO; м  *CH=NCHCO} “N. QCH— NHCHCO; 
гч | x 2 “уе | ы = Айы. ) a 
^H—SCH3CH30H a —> H — | m »- 
AMA X RES "A COE Ч. 
w^ CHO ~“ Es `СН=О ^A ~CH=9 
.CH3CH40H .CH4CHSOH 
5 ^ S "HSCHs 
бон CH eo 5 — CH3CH30H 
Ane исо < ХА қа p 
| | «N^ " =— H N—cHco; -y 'N—CHCO; 
wc H (proton Sw 1 um Í 
- N transfer) < | CH; Ы CH; 
o Gon 


+ OH + H—OH 


(b) пиће first part of the mechanism. “SH displaces chloride in an Sp2 reaction. Recall that a-halo carbonyl 
compounds are particularly reactive in $62 reactions (Sec. 22.3D of the text). Ammonia then reacts to 
forms an enamine. (Enamine formation is discussed in Sec. 19.11B of the text.) Although imine 
formation is favored, imines and enamines аге in equilibrium just as aldehydes and enols are in 
equilibnum. Addition of both the —SH group and the —NH; group of this enamine to acetone (in a 
reaction much like acetal formation) and proton transfers give the first product A. 


Hy 
ar CH=0 NH3 pim es 
[| A | ай > = 
а Ens Là, Сн. SH (enamine CH—SH НС 
2 8 formation) 
+ Cl 
o e H “OH 

zs "| "eel XE 
CH — NH3— CCHa} CH — NH -z ССН); CH-*N— C(CH 34 
CH— SH CH— SH CH— SH 

(proton 


transfer) 
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* 
^M NH H 
Га 
CH —N =с(Сну» CH —N —C(CH4 CH —N —C(CH3y» 
| | _ «—E Nul * 4 > 
ан. и NH  GH-S Gi—s 7 
H 
+ Н.о 
$ - enamine-imine PA ~ 
E « CH3 isomerization e. f^ K^ Hs 
SOMAN а. 
а РА b. 
Ms “сн; ~s “сну 


A 
The isomerization leading to compound A is analogous to the conversion of an enol into a carbonyl 
compound. Compound A then reacts with cyanide ion in a variation of the Strecker synthesis. 
Hydrolysis in acid liberates acetone and the conjugate acid B of the a-cyano amine. The cyano group 
hydrolyzes in acid to give the conjugate acid of cysteine. (The mechanism of nitrile hydrolysis is given 
in Eqs. 21.20a-c. text p. 1066.) 
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(c) Formaldehyde and the amino group of tryptophan react to give the conjugate acid of an imine, which acts 
as an electrophile in an intramolecular electrophilic aromatic substitution reaction to give the product. 
The mechanism below begins with the conjugate acid of the imine. 
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CO; CO; 
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NH NH 
2 % _/ А din / 
| — + H—OH, ж ” yY + OH; 
SON WA Y 


(d) This reaction is a Curtius rearrangement (with concomitant loss of №) to give an isocyanate, which 
reacts intramolecularly with the side-chain hydroxy group. The mechanism of the Curtius rearrangement 
is given in Eq. 23.69 on text p. 1217. The mechanism below begins with the isocyanate. 


о о 
| |1 N 
PhCH3OCNHCH —N —C—0 »- PhCH;OCNH ——» 
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сн, ET B transfer) 
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9 H о | Уо 
a PhCH,OCNH ^ СМ 


PhCH3OCNH — 4 


Peptide / results from intramolecular nucleophilic reaction with the conjugate-base anion of the neighboring 
amide bond. This occurs mostly at Asn-Gly because glycine has no carbon side chain; in residues other than 
glycine, the carbon side chains can cause rate-retarding van der Waals repulsions in the ring-closure step. 


27.78 
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1 


Derivative / is an imide. which is the nitrogen analog of an anhydride. Hydroxide can react with either carbony! 
carhon of the imide ring to open the ring. thus generating either peptide J or peptide K. The mechanism for the 
formation of peptide K is as follows: 
Po - 97) 
1, j (6) ud 
PepNNH KAS ч PepNNH a н 
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PepNNH _ ,C€—90H Pep NH _ ,C-0 
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N о transfer) о 
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The structure of peptide J is as follows: you should show the mechanism for its formation. 


О 
PepNNH 
ye NHCH;CPepC 
Il 
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(aj With the mass M of peptide P equaling the mass of (A + B) — 17 mass units. the mass of C equaling the 
mass of (T-K-N-L + N-S-L) – 17 mass units, and the mass of D equaling the mass of (V-T-K-N-L + N-S- 
L) - 17 mass units, the evidence suggests that the N-S-L fragment is somehow connected in each of the 
fragments but minus 17 mass units. The residues common to A. С, and D are К. N. and L (lysine. 
asparagine, and leucine. respectively) and the 17 mass units could correspond to a loss of NH, indicating 
that perhaps lysine and/or asparagine may be the common factor. If asparagine undergoes a 
transamination with lysine. the resulting product would link the K-N with the loss of NH;. Therefore. 
the structure of peptide Р is: 


о 
L-T-V-TK-N-L — NH — CH n. -- 
№54. eu. 
peptide P NH 
owe 
њ о 
сан ri G+} 


(b) Тһе asparagine residue is protonated hy a neighboring acidic residue (aspartic acid or glutamic acid. 
RCO:H) and a transamination ensues between the asparagine and lysine residues to produce the new 
amide linking the two peptides. 
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(c) The structure of the pilus evidently brings the nucleophilic amino group of the lysine and the carbonyl 
carbon of the asparagine into proximity. As discussed in Sec. 11.8, proximity can accelerate a 
substitution reaction by many orders of magnitude. This acceleration would turn an ordinarily sluggish 
reaction into a very rapid one. 


27.80 (а) Inthe Z conformation. thc two large groups Pep and the N-alkyl group Pep are trans. and thus van der 
Waals repulsions between these groups cannot occur. In the £ conformation, these two groups are close 
cnough that van der Waals repulsions can result. These raise the energy of the peptide: hence. the 7 
conformation is energetically preferred. 

o o 
II 
‹ Pept ( Tm 
Pep" N PepN N 
| | 
H PepC 
2 conformation 
large groups are trans 


E conformation 
large groups arc cis 


(b) Тһе proline nitrogen bears two N-alkyl groups. whereas the peptide-bond nitrogens of other residues 
have only one. Thus, in either the Е or the Z conformation, an alkyl group is cis to the Pep" group. 
Although the group that is cis to Pep" in the E configuration is larger. there is a much smaller difference 
in energy between Е and Z conformations for proline residues than there is for other residues. Hence, Е 
conformations in peptide bonds are sometimes found at proline residues in proteins and peptides. 


о и о 1 
| | 
PepN < “№ == =н Pep = MN m c ~NHPep© 
? 
H Ж H^ AY 
=< H 
'NHPepC proline residue 


proline residue in a Z conformation 
IS 


in an Ё conformation 


Notice that the £ conformation of proline in a peptide forms a turn or bend in the peptide 
chain. Proline residues with E conformations are often found within turns in the three- 
dimensional structures of proteins. 


27.81 (а)  Thetwo monomethyl esters result from ester formation at each of the two carboxy groups. 


0 о 
H,NCHCO- Ii NCHCOCH, 
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(b) 
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According to Table 27.1, text p. 1376. the pX, values of the two carboxy groups in aspartic acid are 
about 1.9 (for the a-carboxy group) and 3.6 (for the B-carboxy group). (How do we know which is 
which?) Assume that the pK, values for thc respective esters are similar. At pH 3.0. the carboxy group 
of compound A is largely ionized: at the same pH, the carboxy group of B is mostly un-ionized. Hence, 
at pH 3.0, compound B carries a positive charge. whereas compound А is neutral. Therefore, compound 
B will һе retained by a cation-exchange column (which contains negatively charged groups) and will be 
eluted more slowly than compound A. At pH 7. however. both compounds are negatively charged. 
Since they have the same charge. neither is retained by a cation-exchange column: consequently. these 
compounds are therefore not separated at pH 7. 


The formula of compound А is the same as that of N-acetylaspartic acid minus the elements of water. Since 
treatment of а dicarboxylic acid with acetic anhydride is a good way to prepare a cyclic anhydride (see Eq. 
20.31. text p. 1027), it is reasonable ta suppose that compound A is the cyclic anhydride of aspartic acid. When 
this anhydride is ueated with L-alanine. the amino group of alanine can react with either of the two carbonyl 


groups to give either of the two isomeric pepudes В and C. Both would hydrolyze to give alanine and aspartic 
acid (as well as acetic acid). 


О 


О 
[| 1 


CH,CNH~ 


O + H,N—CH—CO, —» 


CH, 
[9] alanine 
N acetvlaspartic 
anhydride 
(compound A) 
о о [9] 
| f Il ji 
CHiCNH. - N - k CH;CNH A 
3 = 'H—CH —CO>H 3 он 
| Н cm + 
A “yy > МН — CH — COH 
M \\ 
О О CH; 
B C 


(a) 


The carboxylic acid groups of the Glu;s and Asps; are positioned in the active site of lysozyme near the 
reducing end of the hexasaccharide oligomer. (In the structures that follow, R? represents two N- 
acetylglucosamine units and R? represents three N-acetylglucosamine units.) The side-chain carboxylic 
acid group of Glus;, which is un-ionized at the pH optimum of the enzyme, acts as an acid catalyst and 
protonates the saccharide linkage. The side-chain carboxylate group of the neighboring Asps2, which is 
ionized at the pH optimum of the enzyme. provides solvation for the carbocation intermediate at the face 
opposite to that of the leaving group. (Ог, perhaps a weak covalent bond is formed.) Because the back 
side of the carbocation is obstructed, water approaches the carbocation at the same side from which the 


leaving saccharide departs. This mechanism accounts for the retantion of stereochemistry that is 
observed. 
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(b) Тһе lysozyme reaction with triethyloxonium fluoroborate, EtyO* ВЕ. results in the formation of the 


ethyl ester of the carboxylate of Asps;. As shown in Sec. 11.7A of the text, oxonium salts are powerful 
alkylating agents. 


0 о 
am (^ i 
Asp;; —C —O CHyCH; —O(CH;CHj; BF, ——> Asp;;— C —0 — CH;CH; * O(CH;CH3); * BF, 
triethyloxonium 
fluoroborate 


The obliteration of enzyme activity could be due to either one or both of the following reasons. First, the 
ethyl group of the ethyl ester may black the active site between the Asps; and Січ}; residues and thus 
prevent the substrate from binding. Second. the mechanism shows that the negatively charged Asps; 
residue plays a key role in stabilizing the cationic intermediates. possibly by nucleophilic involvement. 
Formation of the ethyl ester eliminates the nucleophilic capability of the carboxylate group. 
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approaches give the same predictions. Let's verify this point by viewing the transition state of the 
[1.5] hydrogen migration as the migration of a hydrogen atom across a 2.4-pentadien-l-yl radical: 
]t 
2 — 


N / 
"Сн, CH, <—» CH; "сн, 


' da os’ 
In this case, analyze the symmetries of the orbitals containing the unpaired electrons, that is, the 
SOMO of each radical. For a hydrogen atom. this orbital is just the 15 orbital. For the 2.4-penta- 
dien-1-yl radical. this is m, (see Fig. 28.5 on text p. 1457). Because this molecular orbital is 
symmetric, the migration is predicted to occur suprafacially. 

Now let's analyze the reaction as if it were the migration of a hydrogen anion (hydride ion, 
Н: ) across the termini of a 2.4-pentadien-l-y] cation and show that such an analysis makes the 
same prediction. In this case, the 15 orbital of the migrating hydride contains two electrons; thus, 
this orbital is classified as the HOMO of the hydridc ion. It interacts with the LUMO of the 2,4- 
pentadien- 1 -yl cation, which, from Fig. 28.5 on text p. 1457, is 73. Because this molecular orbital 
is symmetric, the migration hydride is predicted to occur suprafacially. 

Notice that whether we deal with the migration of a proton across an anion. a radical across 
another radical, or an anion across a cation, the rclevant orbitals of the species involved are the 
same: the 15 orbital of the hydrogen and 7, of the pentadienyl system. Hence, the predictions of 
orbital symmetry must also be the same. 
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ЙД REACTION REVIEW 


1. ELECTROCYCLIC REACTIONS 


|. When an electrocyclic reaction takes place. the carbons at each end of the conjugated 7 system turn in a 
concerted fashion so that the 2p orbitals can overlap (and rehybridize) to form the г bond that closes the 
ring. 

2. This turning can occur in two stereochemically distinct ways. 

a. Ina conrotatory closure the two carbon atoms turn in the same direction, either both clockwise or both 
counterclockwise. 


conrotatory closure or 


b. In a disrotatory closure the two carbon atoms turn in opposite directions so that either the upper lobes of 
the 2p orbitals overlap or the lower lobes of the 2p orbitals overlap. 


(3) 
| 


disrotatory closure \ 
» U * 
4 » 


3. The HOMO of the conjugated alkene contains the 7 electrons of highest energy and governs the course of 
pericyclic reactions. 

a. When the ring closure takes place, the two 2p orbitals on the ends of the 7 system must overlap in 
phase. 

b. The wave peak on one carbon must overlap with the wave peak on the other, or à wave trough must 
overlap with à wave trouph. 

4. The relative orbital phase at the terminal carbon atoms of the HOMO (the orbital symmetry) determines 
whether the reaction is conrotatory or disrotatory. 

a. Conjugated alkenes with 4n 7 electrons (n = any integer) have antisymmetric HOMOs and undergo 
conrotatory ring closure. Conrotatory ring closure is allowed for systems with 4л 7 electrons; it is 
forbidden for systems with 4л + 2 7 electrons. 

b. Conjugated alkenes with 4n + 2 7 electrons have symmetric HOMOs and undergo disrotatory ring 
closure. Disrotatory ring closure is allowed for systems with 4n + 2 7 electrons; it is forbidden for 
systems with 4л 7 electrons. 

5. For photochemical (excited-state) electrocyclic reactions. the selection rules are reversed; that is. 
conrotatory closure is allowed for a 4i + 2 7-elecuon reaction and disrotatory closure is allowed for a 4л 

-electron reaction. 


Н. CYCLOADDITION REACTIONS 


1. Cycloadditions are classified. first, by the number of electrons involved in the reaction with respect to each 


component. 
a. The number of electrons involved is determined by writing the reaction mechanism in the curved-arrow 
notation. 


b. The number of electrons contributed by each given reactant is equal to twice the number of curved 
arrows originating from that component (two electrons per arrow). 
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2. 


we two electrons P. 
^ 
(LH = | | 
two electrons 


Cycloaddition reactions are also classified by their stereochemistry with respect to the plane of each 

reacting molecule and may in principle occur either across the same face, or across opposite faces, of the 

planes in each reacting component. 

a. Ifthe reaction occurs across the same face of a 7 system, the reaction is said to be suprafacial with 
respect to that 7 system; that is, a syn-addition that occurs in a single mechanistic step. 

b. If the reaction bridges opposite faces of a т system, it is said to be antarafacial; that is, it is an anti- 
addition that occurs in one mechanistic step. 

The reaction classification is written as a combination of numbers and letters. Thus, a (4s + 4a] 

cycloaddition involves 4 7 electrons on each component and is suprafacial (s) on one component and 

antarafacial (а) on the other. 

In order for a cycloaddition to occur. bonding overlap must take place between the 2p orbitals at the 

terminal carbons of each 7 electron system. 

a. The bonding overlap begins when the HOMO of опе component interacts with the LUMO of the other. 

b. The LUMO of the other component is the empty orbital of lowest energy into which the electrons from 
the HOMO must flow. 

c. These two frontier MOs involved in the interaction must have matching phases if bonding overlap is to 
be achieved. 

d. It does not matter which component provides the HOMO and which provides the LUMO. 

All-suprafacial cycloadditions are allowed thermally for systems in which the total number of reacting 

electrons is 4n + 2, and they are allowed photochemically for systems in which the number is 4л. 
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Ill. THERMAL SIGMATROPIC REACTIONS 


А. STEREOCHEMISTRY OF SIGMATROPIC R:ACTIONS 


B. 


Sigmatropic reactions can be classified by their stereochemistry according to whether the migrating bond 

moves over the same face. or between opposite faces. of the 7-electron system. 

a. If the migrating bond moves across one face of the 7 system the reaction is said to be suprafacial. 

b. If the migrating bond moves from one face of the 7 system to the other the reaction is said to be 
antarafacial. 

c. When both ends of a с bond migrate, the reaction can be suprafacial or antarafacial with respect to each 
7 system. 

The stereochemistry of a sigmatropic reaction is revealed experimentally only if the molecules involved 

have stereocenters at the appropriate carbons. 

Molecular orbital theory provides the connection between the type of sigmatropic reaction and its 

stereochemistry. 


[1,3] AND [1,5] SIGMATROPIC REARRANGEMENTS 


The interaction of the LUMO of the migrating group with the HOMO of the 7 system, or vice-versa, 
controls the stereochemistry of the reaction. 
a. In the migration of a hydrogen, the orbital involved is a 15 orbital, which has no nodes. 
b. In the migration of a carbon, the orbital involved is а 2p orbital. which has one node. 
c. The shift of a carbon can occur in two stereochemically distinct ways: 
i. Migration with retention of configuration. 
ii. Migration with inversion of configuration. 
d. In the allyl anion, the HOMO is antisymmetric: 
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9— —9- ә ally] anion 


t. The suprafacial |1,3] shift of a hydrogen is forbidden by orbital symmetry. 

ii. The antarafacial [1,3] migration of hydrogen is allowed by orbital symmetry but is virtually 
nonexistent in organic chemistry because unreasonably long bonds would be required in the 
transition state. 

iii. The suprafacial [1.3] shift of a carbon with inversion of configuration is allowed by orbital 
symmetry. 

iv. The antarafacial [1.3] shift of a carbon with retention of configuration is allowed by orbital symmetry 
but is rarely observed. 

e. In the 2.4-pentadienyl anion, the HOMO is symmetric: 


() () О 
V V 
\ \ 
6 0 6 
i. The suprafacial [1,5] migration of a hydrogen is allowed by orbital symmetry. 
ii. The antarafacial (1.5] migration of a hydrogen is forbidden by orbital symmetry. 
iii. The suprafacial [1,5] migration of a carbon with retention of configuration is allowed by orbital 
symmetry. 
iv. The antarafacial [1.5] migration of a carbon with inversion of configuration is allowed by orbital 
symmetry. 


2.4 pentadienyl anion 


C. SIGMATROPIC REARRANGEMENTS; COPE AND CLAISEN REARRANGEMENTS 


1. А [3.3] sigmatropic rearrangement is a reaction in which both ends of a ø bond change positions (migrate). 
a. The transition state of a [3,3] sigmatropic rearrangement can be visualized as the interaction of two 
allylic systems. one a cation and one an anion. 


+ A3 22 + |* ÆN 
— «> = 
- М2 дА | E 


b. The two MOs involved achieve bonding overlap when the |3.3] sigmatropic rearrangement occurs 
suprafacially on both components. 
2. The Cope rearrangement is a [3.3] sigmatropic rearrangement in which a 1,5-diene isomerizes. 


Ph eor Ss Ph. ZA 
165-185? 
NI SY 


3. The oxyCope reaction is a variation of the Cope rearrangement that involves the initial formation of an 


enol. 
a. Isomerization of the enol into the corresponding carbonyl compound is a very favorable equilibrium 
that drives the reaction to completion. 


HOT № HO^ 


b. The oxyCope reaction is strongly accelerated by conversion of the —OH group into its conjugate-base 
alkoxide (anionic oxyCope). 
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4. Inthe Claisen rearrangement. an ether that is both allylic and vinylic (or an allylic aryl ether) undergoes a 
[3,3] sigmatropic rearrangement. If both ortho positions of an aryl allylic ether are blocked by substituent 
groups, the para-substituted derivative is obtained by a sequence of two Claisen rearrangements followed 
isomerization of the product to the phenol. 


R А R 
A о он 
e slow E^ wt 
| ==» => | 
ч | T а 


No pari of 1h« man ual туу be. loaded бїз е wr cur pe ee mr e ри 219 ич ус. ied ane or n*hií “an val please sish ^rip //Deople pharmacy pusdue edu- loudonem/teu w 


SOLUTIONS TO PROBLEMS + CHAPTER 28 


К SOLUTIONS TO PROBLEMS 


28.2 


28.3 


Solutions to In-Text Problems 


(a) This is an electrocyclic reaction: six electrons are involved. 


H 
“~~ p 
nS’, AN us 
б ГУ 
LY Su AM 
\ H 
H 
(b)  Thisisa sigmatropic reaction: two electrons arc involved. 
€ um & н, 
+ 
НС — CH —C Сну =" —» H,C— CH; —C — CH, 
- 2 
P Ф 
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(c) This is an intramolecular cycloaddition reaction: four electrons are involved. 


WL) ————» 
|e «e jj 


(d) This is a sigmatropic reaction; six electrons are involved. 


(e) This is an electrocyclic reaction: two electrons are involved. 


\ > / NN 


memos" H4C—/  "— CH; 
НС CH; , 


(a) 1,3,5-Hexatriene has six 7 molecular orbitals. 


1027 


(b) Тһе symmetry of the 1,3,5-hexatriene MOs alternates; that is, т, тз, and 73 are symmetric, and 7», эт. 


* . . 
and 7% are antisymmetric. 
(c) т. т). and тту are bonding and 75, тї, and 74 are antibonding. 


(d) Because 1,3,5-hexatriene has six 7 electrons, the highest occupied molecular orbital (HOMO) is 7; the 


lowest unoccupied molecular orbital (LUMO) is Ti. 


(e) As indicated in the solution to part (b). the HOMO (713) is symmetric; therefore, the phase of the HOMO 


at the terminal carbons is the same. 
(f) The phase of the LUMO (731) at the terminal carbons is different. 


Because there are ten 7 electrons, there are five occupied MOs in this alkene, each containing two electrons. 


The MOs alternate in symmetry; the odd-numbered ones are symmetric. and the even-numbered ones are 
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antisymmetric. Hence, Te is antisymmetric (A); it is antibonding: and it is the LUMO and is thus one of the 
frontier orbitals. 


28.4 (a) The MO т is nonbonding. (If there is an odd number » of molecular orbitals in an unbranched acyclic 
system, the nonbonding MO is always the one with the number (n + 1)/2.) 
(b) Тһе symmetry of the MOs alternates; that is, 77, ma 773. and 73 are symmetric. and т», тц. and тё are 
antisymmetric, 
(c) — According to its resonance structures. this cation has sites of positive charge at altemating carbons: 


H.C—CH CH —CH —CH-CH ÓH, «а H.C =CH CH CH * CH CH=CH, «а 


H.C —CH *-CH —CH —CH —CH =CH, «Ф 3» Н.С —CH =CH —CH —CH —CH =CH, | 


In molecular orbital terms, the positive charge in the cation results from the absence of an electron in the 
LUMO: the LUMO is the nonbonding MO. Positive charge is shared at alternating carbons because the 
LUMO has nodes at the other carbons. That is, positive charge can only exist on carbons at which there 
is no node in the LUMO. If this is so, the LUMO must have three nodes: one at each carbon that does 
not share the positive charge. As shown in the solution to part (a). 74 is the nonbonding MO and is 
therefore the LUMO, and it has three nodes, one at each carbon that does not share positive charge in the 
above structures. 


28.5 (a) The resonance structures of the allyl radical show that the unpaired electron is shared between the 
terminal carbons: 
JENA . 
edu as -t——3» H.C=CH — CH, 


(b) Figure 28.4, text p. 1456, shows that the unpaired electron of the ally! radical resides in the nonbonding 
MO. which has a node at the central carbon. The unpaired electron density therefore exists only at the 
carbons on either side of a node. that is. at the terminal carbons, as the resonance structures show. 


28.6 Reaction 1 is a disrotatory reaction involving 4n + 2 electrons, and is allowed. Therefore it can occur readily by 
a concerted mechanism. The reaction is disrotatory because the hydrogens shown in the product are both on the 
outside of the starting material. \Draw these hydrogens in the starting material. if necessary.) In order for these 
hydrogens to end up on the same face of the product, the ends of the zr-clectron system must turn in opposite 
directions. 

Reaction 2 is a conrotatory reaction involving 472 + 2 electrons, and is not allowed; it does not occur 
readily. 


28.7 The two different conrotatory processes arc as follows: (The curved arrows indicate atomic motion, not electron 


flow.) 
ap ч а 
TIN \ \ { "ca 
/ \ /, \ 
H 46 " 4L ! = CH; H C А 4 ee CH, 
| \ H. H | H H ) 
— \ J ш. 
^e, + "d 
H / CH HC — H 
/ N / ; \ / X / 
a M 
/ \ / \ 
н; H H CH; 


They are equally likely because they are enantiomeric; enantiomers have equal energies, and enantiomeric 
pathways have identical energies at all points and therefore identical rates (Sec. 7.7A). 
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28.8 The thermal ring opening of trans-3.4-dimethylcyclobutene must be a conrotatory process. The two possible 
conrotatory processes are as follows: 


H ус CH; Н ——^ СН: ~ 
"d 2 : 
y wl / y^ Wu TUN 
АЕ, ^ ў A RA 
H,c_” H— HC N.H 
severe van der Waals Y 
repulsions 7 
Y 
H < \—H нус—{ N—— CH; 
CH;/H4C H H 


A B 
Product A has severe van der Waals repulstons between the methy! groups; product 8 does not. The repulsions 


raise the energy of product А and the transition state for its formation; consequently, product В is observed. 


28.9 The opening of the cyclobutene is conrotatory and therefore gives (1£.3Z)-cyclodecadiene. The trans double 
bond does not introduce as much strain into the large ring as was present in the starting cyclobutene. 


жы 
мг 
á 7А 11Е.32) cyclodecadiene 
T 
<i \ 


H 


Here is one way to use models to visualize this transformation. To avoid having to build two 

=> models, construct а cyclodecane (the cyclic alkane with a ten-membered ring); don't worry 
about the missing double bond. Now connect two carbons to make a cis-fused four-membered 
ring. Identify the “up” hydrogens on these two carbons. Using a pencil. draw a single line 
across the bond that is a double bond in the starting material (even though it is a single bond in 
your model). Now draw two lines across cach of the bonds that will become double bonds as a 
result of the reaction. Now break the cyclobutane ring and turn the carbons bearing the "up" 
hydrogens in a conrotatory manner. Examine the stereochemistry at the bonds marked with two 
lines: one should have an E configuration and the other a Z configuration. Voila! 


28.10 Тһе HOMO of the 277-electron component is symmetric, and the LUMO of the 477-electron component is 
symmetric. As the diagram below shows, the ends of these two MOs have matching phases in a [4s + 25] 
cycloaddition. 


LUMO of 4r-clectron component 


TES in-phase overlap 


HOMO of 2 z-electron component 


Interaction of the LUMO of the 47-electron component and the HOMO of (ће 27-electron component in а 
[4s + 25] cycloaddition gives in-phase overlap at both ends of the two 7-electron systems. 


28.]| Use the HOMO of the 4 7-electron component and the LUMO of the 27r-electron component. The [da + 25] 
process would involve the overlap shown in (a) below. The |45 + 2a| process would involve the overlap shown 
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in (b). In both cases an out-of-phase overlap between the 7r-electron systems is required at one end. 


Consequently. these processes are not allowed. 


HOMO of 4-electron component 


out-of-phase 
overlap 


LUMO of 27-clectron component 


HOMO of 4 т-сіссігоп component 


out-of-phase 
overlap 


ПОМО of 27-electron component 


(a) (b) 
[4a + 2s] [4s + 2a] 


28.12 The [8s + 2s| cycloaddition and its product: 


СОЕ! CO>Et 

ue / 
ы. 2 A 

I~ Jl N 

/Á СОЕ! 

/ ч | == 
Ie > j COE ——3 | 
Ce \ © - S J 
PAPE „җе 41 


28.13 The four products are the diastereomeric 1,2.3.4-tetramethylcyclobutanes. Each of the pure alkene 
stereoisomers can undergo an allowed photochemical [2s + 2s] cycloaddition in two distinguishable ways. 
Cis-2-butene reacts to give compounds A and B; frans-2-butene reacts to give compounds В and C; and the 
mixture of cis- and trans-2-butene can give these three compounds plus a fourth. compound D, that results from 
the [25 + 25] cycloaddition of cis-2-hutene to frans-2-butene. 


ae нус CH; 
me” “оң 
+ —> 
Ho iicet 
нс” “сн, H3C i CH; 
cis + cis ^ 
H с=с СН HC „CH3 
нус” H 3 
* ——— 
е e нус “сн E нус сн 
нус” “н "j Sa н” “сн; | P. 3 
trans + trans trans + trans 
Hy с=с СН, нс єн, 
нс” н S 
+ > 
Не. ТН 
с=с ` Е 
nct “сн, | H«C CH, 


trans + cis жа D 


28.14 


28.15 


28.16 


28.17 


28.18 
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(a) — Since exchanging the positions of two groups at a stereocenter changes the configuration of the stereo- 
center, exchange the positions of the T and the D in the starting material; this will lead to product with 
the opposite, that is, the &. configuration at the indicated carbon. 


CH; 
din TA 
> 
сар 
H у Т 
i 
N 
(b) Two other starting materials that would give the same product as in part (a): 
CH; CH; 
pom РА 
К ог i : H 
D = И T 


| | j 
ac 4 


(a) This isa [1.4] sigmatropic rearrangement. 


, migration of this end of the 
,F bond does not occur, that is, it 


1* “migrates” from carbon-|* to carbon-1*. 
* 
D. 37^ | 
\ ? l 7 0 migration of this end of 
\ the bond occurs from 
4 carbon-] 10 carbon-4. 


(b) This is a [2.3] sigmatropic rearrangement. 


2 
ly CS П 
: One end of this bond moves from 
DA carbon- | to carbon-3; the other end 
Mis d* аг moves from the sulfur (1*) to the oxygen (2*). 


(c) = This is a [5.5] sigmatropic rearrangement. 


This bond migrates 
from carbons | and 1* 
to carbons 5 and 5*, 
respectively. 


Reaction (1) occurs readily because it is a [1,5] sigmatropic rearrangement, which is allowed when the 
hydrogen migrates suprafacially over the z-electron system. This reaction pathway does not introduce 
significant strain or twist into the z-electron system. Reaction (2) does not occur because it is a [1,3] 
sigmatropic rearrangement, which is allowed only if the hydrogen migrates antarafacially. Such an antarafacial 
migration requires that the hydrogen simultaneously bridge the upper and lower faces of the 7r-electron system. 
This requirement cannot be met while at the same time maintaining normal bond lengths and angles. 


If the migration were antarafacial. the opposite stereochemical result would have been observed: that is. the ЗЕ 
stereoisomer of the product would have the 5 configuration at the asymmetric carbon stereocenter, and the 37 
stereoisomer of the product would have the R configuration at the asymmetric carbon stereocenter. This is the 
result that is not observed. 


(a) Think of the five-carhon zr-electron system as a 2,4-pentadienyl cation. whose MOs are shown in Fig. 
28.5, text p. 1342, and think of the migrating group as a carbon anion in which the unshared electron pair 
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resides in a 2p orbital. The orbitals involved in the rearrangement are the LUMO of the pentadienyl 
system and the HOMO of the carbon anion. The LUMO of the pentadienyl system. as shown by Fig. 
28.5. is symmetric; that is, at each end of the system. the LUMO has the same phase on a given face. 
The HOMO of the carbon anion is simply the filled 2p orbital. The migration is allowed only if the 
carbon anion migrates suprafacially such that each end of the pentadienyl LUMO interacts with the same 
lobe of the carbon anion 2р orbital. 


HOMO of migrating carbon anion 


Migration occurs suprafacially on 
both systems (and thus with 
retention of configuration 

al the migrating carbon) 


LUMO of 2.4-pentadieny! cation 


Alternatively. you can think of this problem in terms of the 2.4-pentadienyl anion and a methyl 
cation. The orbitals involved are now the HOMO of the anion and the LUMO of the cation. 
But these are the same orbitals used in the foregoing solution (only their occupancies are 
different): hence. the stercochemical result is the same. 


(b) Тһе first step (conversion of the starting material into compound A) is a | 1.5| sigmatropic rearrangement. 
Because the stereochemistry of the methyl group on the migrating carbon does not change, the 
rearrangement occurs with retention of configuration. This is the result predicted for an allowed 
suprafacial process. The remaining two steps are | 1,5] sigmatropic hydrogen migrations, which 
presumably occur in a suprafacial manner. although the stereochemical course of the reaction cannot be 
determined fram the structures of the products. 


н. CH; 
CH, Ni 
СЗ 7" [L5] suprafacial T 5] i 
T. | 1509214 ` 1,5] suprafacial 
YAM - » (Z^ ke) —CHs i5 supréficial.— 
— “+ —— \ 
а MA 
H H 
CH; 
CH; CH; 
pp j 
H N ue N [1,5] suprafacial H У, \ 
CÉN Ў „=. H 24 ub 
a 4 ~ —- -CH3 Y wna my -CH3 
U r 
H H H H 


28.19 (a) This transformation involves two successive [1,5] sigmatropic hydrogen migrations—sort of a “hydrogen 
walk." as shown by the following curved arrows. These are allowed suprafacial processes. {See the 
solution to Problem 28.18b. text p. 1473.) 


H 
= н) 
"ч \ ] 

l 2, M H «el SA jee / \ 
A y^ > Pa: KY <x -- ~ ff 
ax H Y М, 

x 
H CH, 
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Why does the equilibrium favor the two products over the starting material? See Sec. 4.5B. text 


=> p. 149. 


(b) Тһе “hydrogen walk" on 2.3-dimethyl-1.3-cyclopentadiene should proceed as shown in the following 
equation. Although a hydrogen that starts out on carbon-] could migrate to four other carbons, only two 
of the possible products are unique. It can be argued that compounds A and B should be the predominant 
alkenes at equilibrium. and that compound C should be present in least amount. (Why? See Sec. 4.5B. 
text p. 149.) Remember that the selection rules have nothing to say about which compound is favored at 
equilibrium. only whether the equilibrium can be attained at a reasonable rate.) 


H4C CH; H3C CH; Hac CH; 
/ \ > ү ( æ dio 
\ « а < 2 
2.3. dimethyl 1.2 dimethyl 1.5-dimethyl- 
1.3-cyclopentadiene 1.3-cyclopentadiene 1.3-cyclopentadiene 
A B С 


2820 (а) Deduce the product by using the curved-arrow notation: 


CH; нс СН; 
Lew V 
(^^ 7 єн» 2ч сн; 
DA | ———» | 3.3-dimethyl-4-pentenal 
Se yee on™ 
E E p^ ^H 


(b) Deduce the starting material by drawing the curved arrows for the reverse of a Claisen rearrangement: 


O—CH 
А % 
PO BS. I FO, Ms %® 
L eu Ld he *l] 
~ У) ~ AN 
че ILNI N О ~ d o „ы „> 


CH;-*- cH CH;— CH 


28.22 (a) Compound A undergoes the oxyCope reaction because the allylic group attached to the carbon of the 
bicycle[2,2,2]octene ring bearing the alcohol group has endo stereochemistry (sce text p. 740) and 
positioned to interact with the allylic group in the bicycle|2.2.2]octene ring. The allylic group attached 
to the carbon bearing the alcohol group in compound В, on the other hand, has exo stereochemistry and 
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РА KH heat 
А QH ть THF ia 
CH;O 
< 
an enolate ion 
о 
H 
eee 
" CHO i 
H 
CH;0 


(b) 


H = о 
ZNO [2 CO 0 н O 
KH „Н H + H ч 
——- —» He A E 
THF H” 
heat н, H 


2823  Anarbital symmetry analysis involves the interaction of m, of ane allylic system with m of the other as shown 
below. Certainly the all-antarafacial rearrangement gives positive overlap at hoth ends of the allylic systems, 
but it requires either the initial formation of т hands rather than т bonds or introduction of significant strain in 
the two systems akin to having two trans double bands in a six-membered ring. Neither alternative is as 
energetically favorable as the direct formation of two т bonds that results from the all-suprafacial process. 


y 


antarafacial overlap -== o 


on both components 


Antarafacial overlap of both allylic components gives bonding overlap but requires side-to-side (лт) rather than 
head-to-head (е) overlap. The formation of е bonds would require severe distortions of both systems. 


28.24 (b)  Thisisacarbocation rearrangement in which either methyl group migrates. (This is the “methyl walk" 
discussed in the solution to Problem 15.85(c) on p. 467 of this manual.) 
CH; 


SOLUTIONS TO PROBLEMS - CHAPTER 28 1035 


This can also be thought of as an all-suprafacial [1.6] sigmatropic rearrangement. which is an allowed 
process. 


28.25 As stated in the problem, previtamin О» is the same as previtamin D; except for the R-group. Comparing the 
structures of previtamin D; (or D3) іп Eq. 28.38 on text p. 1478, ergosterol at the top of text p. 1479, and 
lumisterol in the problem reveals that the latter two compounds result from conrotatory electrocyclic ring 
closures, ergosterol being formed by a clockwise conrotatory motion (as viewed edge-on by the "eye" below) 
and the lumisterol from a counterclockwise conrotatory motion. Photochemical conrotatory electrocyclic 
reactions involving 4n + 2 electrons are allowed. 


p- CH3 


7" ` 
bi ~ [ A. ^ ZA 
Pf Pe Gr : “н HC—é “н HC— 
Y g^ ¥ b y 3 E. 4 b d 3 | Ж 
| Р" EY 


light light 


previtamin 02 
Y 


ergosterol lumisterol 


28.26 Heating should promote a disrotatory reaction: that is, thc reaction should have a stereochemical course which 
is opposite to that of the photochemical reaction. 


Я CÓ - > Vm. 2 мек 


Fi H heat heat 
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[ "ds T 
HC H de 

pas N A + 
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A B 


28.27 First determine why irradiation of A or B does not give back previtamin D;. One reason is mechanistic. Since 
A and B originate from heating previtamin D2, then previtamin D, can only result from the exact reverse of the 
same reaction, which must occur as a disrotatory process. However, ring opening by irradiation, if it were to 
occur, would have to take place with opposite stereochemistry, that is, as a conrotatory process. Either of the 
two possible conrotatory processes would result in a product containing a trans double bond within a six- 
membered ring. Even irradiation does not provide enough energy for this to occur. 


AN SB е trans double bond ap, ME Жар oi H „ч. | 
| 
Ho” М 


the two possible products of conrotatory ring opening 


The only alternative to this process is a four-electron disrotatory process that gives a cyclobutene: 
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28.28 


28.20 


28.30 


/ light 


| H 

HO” ` ^ S Ho” ™ 2 27 
А ( 
Tis R ( Hap 
mc Н. | » ніс. | | y 
NaN m Tigh „ымы —/ 
| H 2 ol 8 

но“ HO” `+” ~Z 
B D 


A [1.7 | thermal sigmatropic hydrogen shift should he antarafacial. That is, a hydrogen from the methyl group 
migrates from a conformation in which it is "up" to the lower face of the ring, or a hydrogen from the methyl 
group migrates from a conformation in which it is "down" to the upper face of the ring, or both. 
Problem 28.51 (text p. 1484) describes an effort to elucidate the stereochemistry of the 
> previtamin D rearrangement. 


Solutions to Additional Problems 


(a) Use the MOs of 1,3-butadicne as a "model" for the orbital phases. 1n all 4л 7 electrons systems the 
LUMO has opposite phases at each end of the -electron system. For this reason. the allowed thermal 
electrocyclic reaction must he conrotatory. 

(b) Think of the Diels-Alder reaction as a prototype for an allowed thermal cycloaddition. if 4i + 2 
electrons arc involved, a cycloaddition is allowed thermally. If 4л electrons are involved, then the 
thermal cycloaddition is forbidden and the photochemical cycloaddition is allowed. Therefore, a 
photochemical [8s + 45] process (12 electrons) is allowed. 

(c) The highest occupied molecular orbital (HOMO) of a conjugated triene is m. Since orbitals of 
conjugated dienes alternate in symmetry. this MO is symmetric. (Sec the solution to Problem 23.2 on p. 
1021XR of this manual.) The methyl groups, to a useful approximation, have no effect on rhe nodal 
properties of the molecular orbitals. 


The pericyclic selection rules say absolutely nothing ahout the position of equilihrium in each case. These rules 
refer to rates of reactions, not to equilibrium constants. Other considerations must be used to decide or the 
position of equilibrium. The point of the problem is for you to use what you have learned about the relative 
energies of molecules; the molecule of lower energy is favored in each equilibrium. 


(a) The right side of the equation is favored at equilibrium because the double bonds are conjugated with the 
phenyl rings: conjugation is a stabilizing effect. 


(b) The left side of the equation is favored at equilibrium because the double bonds have more alkyl 
branches. (Alkyl substitution stabilizes a double bond.) 

(c) Тһе right side of the equation is favored at equilibrium because a C—O double bond is formed at the 
expense of a C=C double bond. (C=O bonds are stronger than C=C bonds; see text page 1161.) 

(d) Тһе right side of the equation is favored at equilibrium because one product is aromatic and therefore 
particularly stable. and the other product is volatile (ethylene is a gas). 
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The left side of the equation is favored at equilibrium because the double bonds are conjugated not only 
with each other but also with the carbonyl group. 


Because it involves 4a 7 electrons and thermal conditions, the electrocyclic reaction that converts 
compound A into compound B is conrotatory. (A "thermal" process can occur at low temperature if the 
process is particularly rapid.) Hence, the methyl groups in compound В are trans. The thermal process 
that converts compound В into compound C involves six (4n + 2) electrons and is therefore disrotatory. 
(Both compounds В and C arc, of course, formed as racemates.) 


The stereoisomer of compound A that also gives compound C on heating is the one in which both of the 
terminal double bond: have the Z configuration. 


H 
NE d 
Á X 
CH; 
\ CH; 
N A. 


This reaction can be viewed as either а [1.9] or a [1.13] sigmatropic rearrangement. In either of these 
classifications the reaction is an allowed process that is suprafacial on the 7-electron system and occurs 
with retention at the migrating carbon. The [1.9] migration is as follows: 


p i 22У 
AD) 1 1. 2 1 | 
3 22 әс" P^ "е, 1 р-а Su p 
| НС / єн; » | iF CH ) 
М, _ е » / м. E d 9 sl 
зу “у; К. 
| X | CH; 
SAC) die ae 


And the [1,13] migration is as follows: 


\ 
- 
5 Z^ “з 


c 


RA PN 


P нус; сн, а» 


ы ee 


The two final structures shown above differ only in the positions of double bonds in the benzene ring: 
that is, they are resonance structures and hence are the same compound. 

Because a thermal suprafacial [1,9] or [1,13] methyl migration must occur with retention of 
configuration at the migrating carbon. the methyl group that migrates, when isotopically substituted. 
must have the S configuration in both starting material and product. 


The formula indicates that an addition has taken place. This is an allowed photochemical [2s + 25] 
cycloaddition: 


1038 CHAPTER 28. PERICYCLIC REACTIONS 


CH, 


Ph сн; 


(b) This allylic vinylic ether undergoes a [3,3] sigmatropic rearrangement (that is, a Claisen rearrangement) 
on heating to give ketone A, which isomerizes to its aromatic “enol” (that is, the phenol) form B. 


= = 
[^y | 
? 
pen - 22 MA N 
^ \\ 
LE CH) = | CH) 
‘if “o B OH 
CH; CH; 
\ В 


(c) This is a [4s + 2s] cycloaddition, that is, а Diels-Alder reaction. The exocyclic double bond is not 
involved in the reaction, and endo stercochemistry is assumed: 


HiC CH, 


Two other reactions are allowed in principle that do involve the exocyclic double bond. Once is 
а [2s + 6a] cycloaddition to give product A, and the other is a [2a + 65] cycloaddition to give 


product В: 
H3C СН; НС С H3 
у н о vA H P 
pu // Pw / 
г ‹ == Z 


If you construct models of the starting materials. and if you bring them together so that the 
appropriate orbital interactions can occur, you will sce that the transition states required to form 
these products (as well as the products themselves) are considerably strained. Hence, the reactions 
that form these products are much slower than the Diels-Alder process. 


(d) This reaction is very similar to the reaction in Eq. 28.33, text p. 1474. but with two allylic alcohol т 
systems instead of one. The anionic oxyCope reaction forms a product A that is both an enol and an 
enolate: on protonation, the diketone product B is formed. 
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нс НС H.C iudi: 
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28.34 (а) Тһе structure of the ozonolysis product С shows that compound B is a cyclobutene, which must be 
formed in a disrotatory photochemical electrocyclic reaction. This defines the stereochemisiry of B. 
which. in tum, defines the stereochemistry of C: 


о о 


M 
sea wee m 


i zonolysi N í 
С CM 
Si Ko” A wu 


H H 
B C 


(b Compound D is the trans-fused stereoisomer of the cyclobutene derivative. which undergoes conrotatory 
opening upon heating to give compound A. 


2 CN / ^N 


A 
D 
The reason that compound B is inert under the same conditions is that conrotatory ring opening of B 
would give a stereoisomer of A in which one of the cyclohexene rings would contain a trans double bond 
within a six-membered ring. This introduces so much strain that the reaction does not occur, even though 
it is allowed by the selection rules. 


"trans" (twisted) double bond 
heat 
Ld conrotarory Cus 
H » Hs 


28.35 As usual. it helps to analyze first the origins of the carbons. The carbonyl groups are a good place to start, as 
they can have originated only from the quinone. The carbons marked with an asterisk are derived from the 
quinone. The remaining carbons, marked with a dagger (1) are derived from 1.3-cyclopentadiene. The new 
bonds are shown with heavy shading. 


The first reaction is a Diels-Alder reaction because we have a very reactive Diels-Alder diene and dienophile: 
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28.36 


28.37 
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> ——» / / 
= / 2 L EU ЧБ 
/ i" i 
~Y 7 Pe о 
| P 
1,3-cyclopentadiene о Ш “о 
p-benzoquinone x 


Compound X is all set up for a [2s + 2s] allowed photochemical cycloaddition to complete the formation of 
compound Y: 


^ М 
^ P 
"" ] light \ / 
KNE [2s + 25] жа. ie 
к Л ATTE 
S os М ] о 
v So д. Ж 
X Y 


This cycloaddition reaction involves sixteen electrons: hence. it must be suprafacial on one component and 
antarafacial on the other. Thus, it must be a [14s + 2a] or a [140 + 25] cycloaddition. The heptafulvene 
molecule is large enough that its z-electron system can twist without introducing too much strain or without 
losing too much 7-е]есігоп overlap: hence, the cycloaddition is a [14а + 2s] process. In either case, the product 
has the following stereochemistry: 


„е АА. T. 
Á 
H \ Í H 
E NC CN CN 


(a) Toluene has added stability associated with aromaticity; compound A. although conjugated, is not 
aromatic. Because any equilibrium favors the more stable compound. the added stability of toluene 
causes it to be strongly favored in the equilibrium. 

(b) Ifthe reaction were concerted, it would have to be a [1,3] thermal sigmatropic rearrangement, which 
must occur in an antarafacial manner: 


~ CH3 — amarafacial AS Sd 
OSA” кап a die 
«— / —» | | H 
учен! A 
H " 


compound А 


In this diagram. the "up" hydrogen (asterisk) is shown migrating to the lower face of the —CH; group. 
(Migration of the "down" hydrogen to the upper face of the —CH» group is equally likely.) As discussed 
on text p. 1357, such an antarafacial migration requires that the migrating hydrogen bridge too great a 
distance for proper orbital overlap. Hence, this process is so slow that compound A has significant 
thermal stability. 

(c) | We would expect the conversion of compound С to compound D under thermal conditions to be 
extremely rapid, because this is а [1,5] sigmatropic rearrangement that could (and must) occur 
suprafacially. (Likewise, we would expect compound A to be rapidly transformed into B under 
photochemical conditions; why?) 
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28.38 (a)  Thisisa [3.3] sigmatropic rearrangement. that is, a Claisen rearrangement. 


Zo кок ч 
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The solution to the foregoing рап and the solution to part (c) that follows illustrate a useful 

> two-step process far drawing the products of complicated rearrangements. It usually makes 
sense to draw the bond connections first and thus obtain a highly distorted structure of the 
product. Then convert the distorted structure into a more conventional structure, using 
models if necessary. 

(b) This reaction superficially appears to involve internal rotation about hoth double honds, a process that is 
virtually impossible. However. a more reasonable pericyclic mechanism is available: a sequence of two 
conrotatory electrocyclic reactions, the first one a ring closing. and the second one a ring opening. (The 
curved arrows refer to the clockwise rotations of groups and not to electron flow.) 


РИ, .Ph Ph Ph Ph. Ph 
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(c) This is a [3,3] sigmatiopic rearrangement in which the product requires a little redrawing! 
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28.39 This is a [1,3] sigmatropic rearrangement with inversion in the migrating carbon, as required for the thermal 
[1.3] rearrangement. 


— i i l = / 9 | 
$^ 

| Н / 

ol 

28.40 Take a cue from the solution to Problem 28.31(a) on p. 1031 XR of this manual, in which the last step involves a 


thermal reaction of 1,3,5-cyclooctatriene with two methyl groups. Replace the methyl groups with hydrogens 
and the result is the same. The resulting compound B undergoes a Diels—Alder reaction (that is. a [4s + 2s] 
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cycloaddition) with the alkyne, and the product of that reaction, C. undergoes a reverse Diels-Alder to generate 
the final products. 


H 
disrotatory 
electrocydic CH405C —C —C —СО›СН; 
———-——:- — Ж 
Diels-Alder 
è > H 
1.3.5-cyclooctatriene 
(compound A) B 
CH,0,C_ H On H 
Жыл. | | f CH303C. P 
|2 C _ CH303C | Ly Ы | А ШШ 
ES Е Z3 ey) A 
- M 
CH,0.C аы H CH;O4C «у CH303C = cyclobutene 
3"2 32 
X ө 2 dimethyl phthalate 


C 


28.41 These transformations are very much like the last two in the solution to Problem 28.40. text p. 1482. A Diels- 
Alder reaction is followed by a reverse Diels-Alder reaction. The driving force for the reverse Diels-Alder is 
the formation of a product that is stabilized by aromaticity. 

HC. 
Et04C— C C— CO,Et 
Diels-Alder 
«CC кос Se 
E10 Wy b dis | 
A P | 
PL € EtO4C “CH, CH, 
EtO4C \ ^ 
CH; 
compound A 
28.12 Heating an allylic vinylic ether generaily results in a [3,3] sigmatropic (Claisen) rearrangement. 
ÆN E ~~ Е 
E AL E ш A “ММ 
TN к о о>» (substance A) 
x LO p: 
rd 7 
| 
OE: ОЕ! 
Why the product should have E stercochemistry is not obvious from the mechanism shown 
c» above. and an answer that gives either the Е or the Z stereoisomer (or a mixture of both) is 
satisfactory. If you work Problem 28.48(a). text p. 1483, you will find that the Claisen 
rearrangement proceeds through a chairlike conformation. 1f the ethyl group is placed in the 
more favorable equatorial position of the chairlike conformation. the product is the Е 
stereoisomer of substance A shown above. 
28.43 (a) 


The approach to solving this type of problem is described in the solution to Problems 15.81 and 15.82 on 
p. 467XR of this manual. The intermediate X is formed from the starting material by an allowed thermal 
disrotatory ring closure. Because X is a conjugated diene. it reacts in a Diels-Alder reaction with maleic 
anhydride, a good dienophile, to give the product shown in the problem. 
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H mE. AVI. 


reacts with maleic 


: disrotatory 4 \ 
a ( » anhydride in a 
N = \ SF Diels-Alder reaction 


x 


(b)  Inthis case maleic anhydride is used to trap the trienone intermediate Y formed in the first of what 
would, in the absence of maleic anhydride, be two successive [3,3] sigmatropic rearrangements. (See 
Eqs. 28.36a-b on text p. 1481.) Maleic anhydride reacts with the conjugated-diene unit of intermediate 


Y. 
E O Е 
Hc. Af HC. Ji » 
CH3 [3,3] È reacts with maleic 
| — | "CH, anhydride in a 
NS a М. 2 Diels- Alder reaction 


} 


28.44 Compound A is a secondary alcohol, and the aldehyde B is formed from an enol intermediate (shown in 
parentheses) that results from а [3,3] sigmatropic (oxyCope) rearrangement. 


о 
Т 1) HC =CH —C H3MgC 1 OH 
r D ANS heat y 
| Y 


2-methyl-2-propenal an enol 


А „О о 
P di NF ll 


up = HYC—CHCH;CH;CHCH 
it CH, 


8 
Evidently in this case the Grignard reagent undergoes mostly l.2-additian to the a.-unsat- 
=» urated aldehyde; none of the | ,4-addition product is formed. (See Sec. 22.11.) 


28.45 The structure of the ozonolysis product Р and the formula of elemicin show that elemicin has the structure C. 
Compound В and elemicin differ by one methyl group. and compound B ionizes in base. Consequently. a 
reasonable hypothesis is that one of the three oxygens of compound В is part of a phenol —OH group, and that 
this is methylated by dimethyl sulfate treatment to give elemicin. Compound А is nor a phenol because it is 
insoluble in base. but forms a phenol B when heated. This series of observations suggests that compound À is an 
allyl ether that undergoes a Claisen rearrangement when heated. Which oxygen is part of the allyl ether? If one 
of the two outer oxygens of A is an allyl ether, its rearrangement would result in transfer of the allyl group to the 
adjacent ortho position. Since the allyl group in C is not ortho to one of the methoxy groups, the rearrangement 
must have occurred from the central oxygen. Since the ortho positions are blocked, rearrangement occurs to the 
para position. The structures of A and B arc thus defined. 
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OCH,CH = CH; OH 
CH;0 OCH, CH,0 OCH, 1) NaOH 
T heat 2) (CH3)550, 
М. Claisen 
rearrangement 
ы CH3CH — CH; 
B 
OCH; 
СНО ОСН; 
lysis 
ozonolysis „ | 
CH4CH —- CH; 


C (elemicin) 


28.46  Claisen rearrangements are key steps in both parts (a) and (b). 


(a) 
OH OCH3CH — CH»? 
1) NaOH 
2 2) CICHSCH — CH; di ЧИТ 
|| ——————- —— з» 
uM мм 
OH ОЕ! ОЕ! 
2% ~CH,CH=CH> 1) NaOH A _~CH»,CH=CH, d .CH3CH3CH; 
22 2 2 7 2 2 22 r HOS ES 
2) ЕП H»/cat. 
| — > | Edi | 
м м м 


1 ethoxy-2- propylbenzene 
(b) А key step in this synthesis is a Claisen rearrangement of the starting material, which is prepared in the 
solution to part (a) 


OCH; 
CH CH=CH, 1) NaOH CH CH=CH, 1) ВНуТНЕ 
2) сну 2) H504/NaOH 
—ÀQ ——ÉÀÉÁ— — M » 
prepared in part (a) 
OCH; OCH; 
CH3CH5CH4OH 1) KMnO,. OH CH CH>CO,H 
2) H40* 
< 


28.47 (a) The first transformation is a thermal conrotatory electrocyclic ring opening, and the second 
transformation is a thermal disrotatory electrocyclic ring closure. 


H 


_ heat ЕЖЕ) F 
conrotatory disrotatory 
H 


SOLUTIONS TO PROBLEMS • CHAPTER 28 1045 


(b) Two successive photochemical disrotatory electrocyclic reactions account for the products. 


fe SK AN o 


DL Я light 1 ў light 
EN к=» | » A» | | + CO, 
YY LO disrotatory fo disrotatory |! Е 


The product. the very unstable antiaromatic cyclic diene | 3-cyclobutadiene (see text р. 771-2), 

| > was generated in 1972 by this sequence of reactions carried out at a temperature of 8 K in the 
labaratory of Professor Orville L. Chapman (1932-2004). then at Іама State University, and 
later at the University of California, Los Angeles. This technique allowed the observation and 
characterization of 1,3-cyclobutadiene by infrared spectroscopy. 


28.48 (a) Place the starting material in a chairlike conformation, carry out the [3.3] sigmatropic rearrangement, and 
compare the stereochemistry of the product with that obtained experimentally. (Models are useful to 
ensure that the asymmetric carbons have the proper configuration.) 


f Н; CH; 
= ee 7 ^u — EU One double bond is E 
LATA CH ———» ^ -— CH H and one is Z; this is identical 
г c =e 3 L ia 00 3 to the product obtained 


experimentally. 
H 
H 


This verifies that the product could be formed from a chairlike conformation. However, the boatlike 
conformation must also he examined: 


CH; CH 1 
746 - Y arm p^ Both double bonds arc 
К TL /cH H » / iis Н Z; this is different from 
м. p up? / 3 the product obtained 
= 1 SF experimentally. 
H H 


(A second boatlike conformation is possible. and it would lead to formation of the all-£ product. which is 
also different from that observed experimentally.) Thus. of the two possible conformations. only a 
chairlike transition state fits the observations. You should use similar reasoning to verify that a chairlike 
conformation of the second reactant in the problem gives the all-E product observed and that a boatlike 
conformation does not. 


Notice that experiments with borh alkene stereoisomers are required to establish that a chairlike 
=> transition state is a general phenomenon. 


(b) — Given that germacrone assumes a chairlike conformation in its transition state when it reacts lo give 
B-elemenonc, deduce the structure of germacrone by mentally reversing the Cope rearrangement. 


CH, CH; 
: CH & 
Е CH; JL , 29 Д] 3 2 В Z7 
Р, ~ — |М. ^ y 2x а / / / | Г — = = ў, 
/ / / ER / 
AL ~% / — 
| \ | \ 
H F H ] 


B-elemenone germacrone 
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Now re-examine (or work) Problem 28.42. text p. 1482. to see why the product in that problem 
has E stereochemistry. 


28.49  Athermal electrocyclic reaction of the carbocation, which is formed by protonation of the ketone starting 
material, is followed by loss of a proton to give an enol, which spontancously isomerizes to the corresponding 
ketone. Since four electrons are involved. the reaction is predicted ta be conrotatory. and the methyl groups in 
the product arc therefore trans: 


oN 
OH OPO;H, OH Н ОРО;Н› 
a i "T NS 
"эй yat y x ] PE NA 7А 
/ 
2 5 Г Та 
к j 
RANA „А. P E. rd 
HC CH; HC CH; 
conjugate acid of р 
the starting ketone 
OH o 


Р? „е, enal-ketone лы ee a 


Н —OPOjH» + | |  isomerization a 
ET те Se E 


28.50 (a)  A(presumably) conrotatory ring opening gives intermediate A. Although this compound is no longer 
aromatic. its formation is driven by thc rclicf of strain in the four-membecred ring. Compound А 
undergoes an intramolecular Diels—Alder reaction that restores aromaticily and gives the product with 
precisely the desired stereochemistry. 


[4s + 25] 


CH30 


CH,0~ 


(b) Oxidation of the secondary alcohol and cleavage of the ether gives estrone: 


y 4 


HI, beat 


CH,O - ы 


28.51 
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estrone 


This is a [1,7] sigmatropic rearrangement, which, according to the selection rules, should be antarafacial. (See 

Problem 28.28, text p. 1479, and its solution on p. 1030XR of this chapter.) Migration of hydrogen gives В and 
migration of deuterium gives C. (Presumably, the predominance of В is due in part to a primary isotope effect, 

which should favor more rapid migration of hydrogen, all things being equal.) If the rearrangements arc indeed 
antarafacial. the stereochemistry of the products should be as follows: 


^x dii үн, Ani 
Z NS Р рс p” 
2 NN " per^ N 
LT | ) 
NY EL ( Ne eh i: 
| D | H 
CH 
N bu Н on N ht Он 
„Б x A ^ — D. ЕА J 
T | H T H 
A o P d 
B C 


This was indeed the stereochemistry observed. 


This work was carried out to adduce evidence for the stereachemistry of the previtamin D 

o» rearrangement to vitamin D (Eq. 28.39, text p. 1482). Compound A was constructed to he a 
"model" for previtamin D. As noted in Problem 28.28, the structure of the previtamin itself 
does not reveal the stereochemistry of the rearrangement. 


First deduce the structure of compound C from the structure of the Diels-Alder adduct. Then deduce the 
structures of compound А and В from the reactions. Compound А is the product of bromine addition; 
compound B is a conjugated diene that results from two successive E2 eliminations of compound A. Compound 
C is formed from compound B by a disrotatory electrocyclic ring opening. 


Br 
о P d О NaOCH 
| Вг» br d : ! ТНЕ М 
C— OCH, ——» | ~N—C— OCH, > 
М. T^ e 
a МАД 
H A 
H 
ZN o innt о 
eo ie disrotatory Il 
©, „| :N—C-—ocn, -Sisroutory. y: N—C—OCH, 
SY” N= e 
H 
B С 


Compound С reacts as а diene with tetracyanoethylene in а Diels-Alder reaction to give the final product 
showm in the problem. 
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28.53 


28.54 


Compound C is interesting because if it were planar. it would have antiaromatic character. Like 
c» 1.3,5.7-cyclooctatetraene (COT; text p. 772), it avoids antiaromaticity by avoiding planarity. 
However. this means that it reacts like an alkene. 
Compound C reacts as a diene with tetracyanocthylene rather than as a triene in a [ба + 2s] 
or [6s + 2a] cycloaddition. Why? 


(a) if compound В is aromatic, then it must be planar. If it is planar, the "inner" hydrogens (the ones shown 
explicitly in the problem) fall essentially on top of each other. (А model can be used to demonstrate this 
point.) The resulting van der Waals repulsions are so severe that compound В does not exist in spite of 
its aromaticity. (Compound В was also the subject of Problem 15.48 on text p. 780.) 

(b) The formation of compouad В from compound A involves 4л + 2 (= 6) electrons and is one of two 
possible allowed conrotatory photochemical clectrocyclic ring-opening reactions. (The other is discussed 
in the solution to part (c).) 

(c) Compound C could be formed in two ways. First. compound B could be formed as an unstable 
intermediate, and then compound C could be formed from 8 by an allowed thermal disrotatory 
electrocyclic reaction. Such a reaction would be very rapid even at low temperature because of the 
instability of campound B. The second pathway is that the all-cis pentaene D could be farmed from 
compound А in an allowed photochemical conrotatory electrocyclic reaction. (Note that two different 
allowed conrotatory reactions of compound А are possible: one gives compound B. and one gives 
compound D.) Compound C could then be formed from compound D by a thermal disrotatory 
electrocyclic reaction. 


f= P 
/ \ 
| 

compound D 

\ 
N // 

ux 4 

p . >= 


One could potentially distinguish between the two pathways for the formation of compound С 

o» by preparing compound D by another route and determining whether it spontaneously closes to 
compound C. If it does not. then the first pathway must be operating. In fact. compound D was 
prepared in 1971 by chemists at the University of Alberta. They found that, indeed, compound 
D is spontaneously transformed into compound C in about 3.5 hr at 6 °С. The rate of this 
process was found to be at least ten times grater than the rate of the photochemical conversion 
of A to C described in the problem. Hence. compound D is a competent intermediate. 
Furthermore. when they carried out the photochemical reaction of А described in the problem at 
temperatures so low that compound /2 would not react further, compound D accumulated in the 
reaction mixture. The simplest interpretation of these observations is that compound В is not an 
intermediate, and the pathway for the observations recorded in the problem is the one involving 
compound D. 


(a) Ifthe formation of benzene were concerted. it would have ta be a thermal disrotatory electrocyclic ring- 
opening reaction involving four electrons. 

(b) Тһе reaction that gives benzene is not allowed by the selection rules; therefore. it does not occur. In spite 
of the high degree of strain of Dewar henzene. and in spite of the great stability of benzene. Dewar 
benzene is effectively constrained to exist by the selection rules! 


Prismane, or Ladenburg benzene, which is discussed on text p. 759 and 1462, is another very 
a> unstable constitutional isomer of benzene that is effectively trapped into existence because its 
concerted conversion into benzene would violate the selection rules for pericyclic reactions. 


(a) | Bromine addition to the starting material is followed by four successive base-promoted f-elimination 
reactions to give compound A. which spontaneously forms compound В by an allowed disrotatory 
thermal electrocyclic reaction. Notice that compound В is a "tied-down" variation оп hydrocarbon B in 
Problem 28.53. Because the offending inner hydrogens are absent in В, its continuous 7r-electran system 
can nearly achieve planarity. 


(b) 
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В! die, ү? 
2Вг» C ~ 
ss > | KOH, EIOH p 


(probably a mixture 
Q- д. 
(KG N disrotatory ( 
(C кїтїш 
Q V 
\ 


of stereoisomers) 


(0.5) 


м ЛА 
c “чү 


Í H v H compound B 
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As discussed in part (a), compound В contains a planar (or nearly planar) 4л + 2 7-elecuon system. 
Consequently, it shows the typical ring-current effects expected of aromatic compounds in its NMR 
spectra. (See Fig. 16.2 on text p. 794 and Problem 16.5 on text p. 795.) The protons on the double 
bonds, like those in benzene, show typical aromatic chemical shifts near 6 7.1. The two methylene 
protons, however, occupy the region that is strongly shielded by the ring current. Thus, it is these 

protons that have the negative chemical shift. 


